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1.  Introduction: 

Inactivating  mutations  in  the  BRCA1  tumor  suppressor  gene  have  been  detected  in  approximately 
10%  of  all  ovarian  cancers.  Individuals  with  germline  mutations  in  BRCA1  have  a  substantially 
increased  risk  of  developing  ovarian  cancer  as  compared  to  the  general  population,  with  an 
estimated  cumulative  risk  of  ovarian  cancer  by  age  70  of  39%  [1].  These  findings  indicate  that 
although  BRCA1  mutation  carriers  are  at  high  risk  for  developing  ovarian  cancer,  a  sizeable 
proportion  of  women  who  carry  a  deleterious  mutation  will  not  develop  this  disease.  In  addition, 
the  findings  show  that  there  is  considerable  variation  in  the  age  of  onset  of  ovarian  cancer  in  this 
population.  This  variable  penetrance  and  age  of  onset  of  ovarian  cancer  suggest  that  there  are 
additional  genetic  and  environmental  factors  that  modify  the  age  specific  risk  of  ovarian  cancer 
for  BRCA1  mutation  carriers  [2],  Common  genetic  variants  that  are  associated  with  the  risk  of 
ovarian  cancer  have  recently  been  identified  through  candidate  gene  and  genome  wide 
association  studies  in  the  general  population  [3,4].  This  suggested  that  common  genetic  variants 
may  also  modify  ovarian  cancer  risk  in  carriers  of  BRCA1  mutations.  Identification  of  these 
genetic  risk  factors  may  prove  useful  for  identifying  those  BRCA1  carriers  at  elevated  or  lowered 
risk  of  ovarian  cancer  compared  to  the  average  BRCA1  carrier.  Women  at  increased  risk  may 
subsequently  benefit  from  enhanced  screening  or  certain  prevention  measures  such  as 
prophylactic  oophorectomy,  whereas  women  at  lowered  risk  may  be  able  to  avoid  these  types  of 
intervention.  Thus,  we  proposed  a  study  aimed  at  identifying  genetic  risk  factors  for  ovarian 
cancer  in  BRCA1  mutation  carriers  through  a  genome  wide  association  study  in  BRCA1  mutation 
carriers.  The  overall  intent  was  to  complete  a  genome  wide  association  study  of  BRCA1  carriers, 
validate  candidate  risk  modifiers,  assess  the  contribution  of  these  modifiers  to  sporadic  ovarian 
cancer,  and  develop  risk  prediction  models  for  BRCA1  mutation  carriers  that  incorporate  the 
common  genentic  modifiers  identified  in  the  GWAS. 

2.  Key  Words: 

BRCA1,  ovarian  cancer,  genome- wide  association  study,  risk  factors 


3.  Overall  Project  Summary: 

Aim  1:  To  conduct  a  genome-wide  association  scan  in  1,000  BRCA1  carriers  with  ovarian 
cancer  and  1,000  age-matched  unaffected  BRCA1  carriers. 

Task  1.  Aliquot  DNA  samples  for  genotyping. 

All  samples  used  for  the  GWAS  were  contributed  by  collaborators  in  the  Consortium  of 
Investigators  of  Modifiers  of  BRCA1/2  (CIMBA)  [5].  We  collected  DNA  samples  in  the  Couch 
laboratory  in  two  phases.  The  first  phase  included  DNA  from  361  BRCA1  mutation  carriers 
diagnosed  with  ovarian  cancer  and  1250  unaffected  BRCA1  carriers.  The  second  phase  resulted 
in  collection  of  DNA  from  an  additional  434  BRCA1  mutation  carriers  diagnosed  with  ovarian 
cancer  [3], 

Task  2.  Genotype  DNA  samples  on  Human  660W-Quad  arrays. 

We  geno typed  allof  these  DNA  samples  on  on  Human660W-Quad  arrays  in  the  Medical 
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Genome  Facility  at  the  Mayo  Clinic.  In  addition  we  acquired  GWAS  genotype  data  for  120 
additional  BRCA1  mutation  carriers  affected  with  ovarian  cancer  from  CIMBA  collaborators, 
resulting  in  GWAS  genotype  data  from  915  BRCA1  ovarian  cancer  cases  [3]. 

Task  3.  Genotype  quality  control  analysis. 

Genotyping  calls  were  obtained  using  the  standard  Illumina  calling  algorithm  incorporated  in  the 
BeadStudio  software.  As  expected  gender  checks  using  PLINK  software  failed  to  identify  male 
BRCA1  carriers.  Duplicates  were  identified  by  identify-by-descent  analyses  and  were  removed. 
Quality  control  thresholds  of  >95%  variant  call  rates  and  >95%  sample  call  rates  were  applied. 
Variant  with  minor  allele  frequency  <0.05  were  excluded.  In  addition  single  nucleotide 
polymorphisms  (SNPs)  displayed  divergence  from  Hardy  Weinberg  equilibrium  p<l  x  10-7  were 
removed.  Final  analyses  included  897  BRCA1  mutation  carriers  with  ovarian  cancer  and 
approximately  540,000  SNPs.  Genetic  relatedness  among  samples  from  different  countries  and 
ethnicities  can  introduce  heterogeneity  into  association  studies  and  cause  important  SNPs  to  be 
overlooked.  While  this  study  was  restricted  to  Caucasian  BRCA1  carriers  the  study  did  include 
DNA  samples  from  many  countries.  To  account  for  population  stratification,  the  genotyping  data 
in  combination  with  HapMap  data  (CEU,  Yoruban,  Han  Chinese  populations)  on  40,000  SNPs 
with  known  phase  were  analyzed  by  Eigenstrat.  A  total  of  17  individuals  were  excluded  because 
of  non-caucasian  admixture  of  between  15%  and  25%  [3], 

Task  4.  Data  analysis. 

Final  analyses  of  genotyping  data  included  897  BRCA1  mutation  carriers  with  ovarian  cancer 
and  approximately  540,000  single  nucleotide  polymorphisms  (SNPs).  In  collaboration  with  Drs. 
Douglas  Easton  and  Antonis  Antoniou  at  the  University  of  Cambridge,  we  evaluated  associations 
with  both  breast  and  ovarian  cancer  using  a  retrospective  likelihood  model.  This  accounts  for  the 
age  extremes  of  affected  and  unaffected  and  also  applies  age  related  penetrance  estimates  for 
BRCA1  carriers.  Carriers  were  censored  at  age  of  onset  of  disease  for  those  affected  with  breast 
or  ovarian  cancer  and  age  of  last  follow  up  or  age  at  prophylactic  mastectomy/oophorectomy  for 
those  with  no  cancer  diagnosis.  Analyses  were  adjusted  for  Country  of  origin  because  samples 
from  26  different  centers  in  18  countries  were  included  in  the  study. 

For  ovarian  cancer,  no  SNPs  showed  genome  wide  significance  (p<l  x  10-7).  However,  10  SNPs 
exhibited  associations  of  p<lxl0"5  and  37  had  associations  of  p<lxl0~4.  Interestingly,  rsl339552 
on  chromosome  9  in  BCN2  and  rs7651446  from  TIP  ARP  on  chromosome  3  that  exhibited 
genome  wide  associations  with  ovarian  cancer  in  the  general  population  also  showed  highly 
significant  associations  (p=1.9xl0‘5  and  p=1.7xl0'4,  respectively)  with  ovarian  cancer  in  BRCA1 
mutation  carriers  [3],  These  loci  can  be  considered  genetic  risk  factors  for  ovarian  cancer  in 
BRCA1  mutation  carriers. 

Aim  2:  To  further  evaluate  observed  associations  between  ovarian  cancer  risk  and  SNPs 
implicated  in  Aim  1  by  genotyping  1,500  BRCA1  ovarian  cancer  cases  and  1,500  unaffected 
BRCA1  carriers. 

Task  5.  Design  and  order  384  arrays. 
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Phase  1:  Validation  of  Chromosome  19pl3.1  associations 

An  interim  validation  study  of  the  89  SNPs  most  significantly  associated  with  breast  cancer  in 
the  BRCA1  GWAS  was  undertaken.  SNPs  were  selected  based  on  p-values  identified  in  Task  4, 
and  a  multiplex  Illumina  bead  array  was  designed. 

Phase  2:  GWAS  validation  studies 

We  planned  to  evaluate  the  384  most  significantly  associated  SNPs  from  the  BRCA1  ovarian 
cancer  GWAS  in  3,000  additional  BRCA1  mutation  carriers  including  1,500  with  ovarian  cancer. 
Instead  in  2010  we  designed  a  SNP  array  (iCOGS)  containing  211,000  candidate  SNPs  from 
GWAS  of  various  tumor  types.  A  total  of  35,000  candidate  SNPs  were  selected  from  the  BRCA1 
GWAS  including  6,000  from  the  BRCA1  Ovarian  Cancer  GWAS. 

Task  6.  Aliquot  DNA  samples  for  replication  study. 

Phase  1:  Validation  of  Chromosome  19pl3.1  associations 

An  additional  12,599  BRCA1  and  7,132  BRCA2  mutation  carriers,  which  included  1,465  BRCA1 
mutation  carriers  and  453  BRCA2  mutation  carriers  with  ovarian  cancer  were  collected  from 
CIMBA  members.  Each  of  these  samples  was  evaluated  for  DNA  quality  by  conducting 
picogreen  and  E-gel  (Invitrogen)  analysis.  Samples  with  low  levels  of  DNA  (<250ng  available) 
or  with  degraded  DNA,  identified  as  smearing  on  Egel  analysis,  were  excluded.  Samples  were 
manually  aliquoted  into  96-well  plates  in  preparation  for  genotyping. 

Phase  2:  GWAS  validation  studies 

We  proposed  to  genotype  14,000  DNA  samples  from  BRCA1  mutation  carriers  on  these  arrays 
in  contrast  to  the  3,000  originally  planned  for  Stage  2  of  the  ovarian  cancer  GWAS.  Investigators 
in  52  CIMBA  groups  from  around  the  world  provided  non-amplified  genomic  DNA  samples 
from  approximately  15,000  from  female  BRCA1  mutation  carriers  including  1,400  with  ovarian 
cancer.  Each  of  these  samples  was  evaluated  for  DNA  quality  by  conducting  picogreen  and  E-gel 
(Invitrogen)  analysis.  Samples  with  low  levels  of  DNA  (<250ng  available)  or  with  degraded 
DNA,  identified  as  smearing  on  Egel  analysis,  were  excluded  (n=  1,200).  A  total  of  12,700 
Caucasian,  150  Malaysian  and  204  Hong  Kong  DNA  samples  were  identified  as  useful  for 
further  validation  studies.  Overall,  high  quality  DNA  samples  from  8,054  unaffected  and  1,264 
BRCA1  carriers  affected  with  ovarian  cancer  were  available  for  genotyping.  Samples  were 
manually  aliquoted  into  96-well  plates  in  preparation  for  genotyping. 

Task  7.  Genotype  3,000  DNA  samples  using  the  384  SNP  array. 

Phase  1:  Validation  of  Chromosome  19pl3.1  associations 

An  additional  12,599  BRCA1  and  7,132  BRCA2  mutation  carriers  including  1,465  BRCA1 
mutation  carriers  and  453  BRCA2  mutation  carriers  with  ovarian  cancer  were  genotyped  for  89 
candidate  SNPs  on  an  Illumina  custom  bead  array  in  the  Medical  Genome  Facility  at  the  Mayo 
Clinic. 

Phase  2:  GWAS  validation  studies 

Genotyping  of  8,054  unaffected  and  1,264  BRCA1  carriers  affected  with  ovarian  cancer  using  the 
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iCOGS  array  was  performed  in  the  Medical  Genome  Facility  at  the  Mayo  Clinic. 

Task  8.  Genotype  quality  control  analysis. 

Phase  1:  Validation  of  Chromosome  19pl3.1  associations 

Quality  control  was  perfonned  as  described  for  Task  3.  Seven  SNPs  displayed  SNP  call  rates  of 
<95%  and  were  excluded. 

Phase  2:  GWAS  validation  studies 

Quality  control  was  performed  as  described  for  Task  3.  Testing  of  the  iCOGS  array  showed  that 
204,000  of  the  SNPs  yielded  good  quality  genotyping.  The  other  7,000  SNPs  were  excluded 
from  further  consideration. 

Task  9.  Data  analysis. 

Phase  1:  Validation  of  Chromosome  19pl3.1  associations 

Association  studies  for  breast  cancer  among  BRCA1  mutation  carriers  identified  genome  wide 
significant  associations  for  five  SNPs  from  a  single  locus  on  chromosome  1 9p  13.1  (P=  2.3xl0'9 
to  3.9xl0‘7).  To  assess  the  influence  of  these  SNPs  on  ovarian  cancer  risk  in  BRCA1  and  BRCA2 
mutation  carriers  we  used  a  competing  risk  analysis  that  accounted  for  the  effects  on  breast  and 
ovarian  cancer  in  parallel.  In  this  competing  risk  analysis  rs67397200  at  1 9p  13.1  was  strongly 
associated  with  ovarian  cancer  risk  in  BRCA1  (FIRM. 16;  95%CI  1.05-1.29;  p=3. 8x10-4)  and 
BRCA2  (FIRM. 30;  95%CI  1.10-1.52;  pM. 8x10-3)  mutation  carriers.  Similar  results  were 
obtained  for  rs8170  at  1 9p  13.1.  These  results  suggested  that  variants  in  this  locus  were  modifiers 
of  ovarian  cancer  risk  among  BRCA1  and  BRCA2  mutation  carriers  [6].  This  was  the  first  study 
to  the  identify  common  variants  that  influenced  both  breast  and  ovarian  cancer  risk  in  either 
BRCA1  or  B RCA 2  mutation  carriers  [6]. 

Phase  2:  GWAS  validation  studies 

Analyses  of  associations  with  ovarian  cancer  risk  for  8,054  unaffected  and  1,264  affected 
BRCA1  carriers  (Stage  2)  revealed  no  evidence  of  inflation  in  the  association  test-statistic 
(kM.039,  adjusted  to  1000/1000  cases/controls  k=1.018).  When  combining  the  iCOGS  and 
original  GWAS,  genotype  data  from  9866  unaffected  BRCA1  mutation  carriers  and  1839 
affected  with  ovarian  cancer  were  available  for  analysis.  A  total  of  62  SNPs  in  17  regions  were 
associated  with  ovarian  cancer  risk  for  BRCA1  carriers  at  P<10‘4.  Associations  (P<0.01)  with 
ovarian  cancer  risk  were  observed  for  SNPs  in  all  known  ovarian  cancer  susceptibility  loci  from 
the  general  population  (3q25,  8q24,  9p22,  1 7 q2 1 ,  19pl3)  except  2q31.  After  excluding  SNPs 
from  known  ovarian  cancer  susceptibility  regions,  there  were  48  SNPs  in  15  regions  with 
P=5M0"7  to  I  0"4.  Genotype  data  for  5  SNPs  from  four  of  these  loci  were  available  from  2,204 
BRCA1  unaffected  carriers  and  442  BRCA1  carriers  (stage  3).  In  the  combined  stage  1-3 
analyses,  SNPs  rsl7631303  and  rs  1 832 1 1  (r2=0.68)  on  chromosome  1 7q2 1.31  had  genome  wide 
significant  associations  for  ovarian  cancer,  of  2.8X10‘10  and  2.0M0'9,  respectively.  The  SNP 
rs4691 139  at  4q32.3  also  had  a  genome  wide  significant  association  (p=3 ,4X  1  O'8).  None  of  these 
SNPs  were  associated  with  breast  cancer  in  BRCA1  mutation  carriers  [7]. 
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Imputation  using  data  from  the  1000  Genomes  Project,  identified  several  SNPs  in  1 7 q2 1.31  with 
stronger  associations  than  the  most  significant  genotyped  SNP  in  the  combined  BRCA1/2 
analysis  (rs  169201,  P=6.24xl0'11)  [7].  This  large  region  of  strong  linkage  disequilibrium  has 
previously  been  identified  as  a  1 7 q2 1.31  inversion  (~900kb  long)  consisting  of  two  haplotypes 
(termed  HI  and  H2).  The  most  significant  SNP  (rsl40338099  (17-44034340),  P=3X10‘12)  located 
in  MAPT,  was  highly  correlated  (r2=0.78)  with  the  most  significantly  associated  genotyped  SNP 
(rsl69201)  in  NSF.  This  locus  appears  to  be  distinct  from  a  previously  identified  sporadic 
ovarian  cancer  susceptibility  locus  located  >lMb  distal  on  17q21  (spanning  43. 3-44. 3Mb,  build 
36.3)  [4].  None  of  the  SNPs  in  the  novel  region  were  strongly  correlated  with  any  of  the  SNPs  in 
the  43. 3-44. 3Mb  region  (maximum  r2  =0.07).  The  most  significantly  associated  SNP  from  the 
BRCA1  GWAS  from  the  43. 3-44. 3Mb  locus  was  rsl  1651753  (p=4. 6*10-4)  (r2<0.023  with  the 
seven  most  significant  SNPs  in  the  novel  1 7 q2 1.31  region).  An  analysis  of  the  joint  associations 
of  rsl  1651753  and  rsl7631303  from  the  two  1 7q2 1  loci  with  ovarian  cancer  risk  for  BRCA1 
carriers  (Stage  1  and  2  samples)  revealed  that  both  SNPs  remained  significant  in  the  model  (P- 
for  inclusion=0.001  for  rsl  1651753,  1.2x10-6  for  rsl7631303),  further  suggesting  that  the  two 
regions  are  independently  associated  with  ovarian  cancer  for  BRCA1  carriers. 


The  minor  allele  of  rs4691 139  at  the  novel  4q32.3  region  was  also  associated  with  an  increased 
ovarian  cancer  risk  for  BRCA1  carriers  (per-allele  HR=1.20,  95%CI:  1.17-1 .38),  but  was  not 
associated  with  breast  cancer  risk  [7].  Analysis  of  associations  with  variants  identified  through 
1000  Genomes  Project  based  imputation  of  the  Stage  1  and  2  samples,  also  revealed  19  SNPs 
with  stronger  evidence  of  association  (P=5.4><10'7  to  1 . 1  x  10"6)  than  rs4691139  on  4q32.3.  All 
were  highly  correlated  (pairwise  r  >0.89)  and  the  most  significant  (rs4588418)  had  r~=0.97  with 
rs4691139  [7].  No  association  was  found  between  rs4691139  and  ovarian  cancer  risk  in  the 
general  population  based  on  data  by  the  Ovarian  Cancer  Association  Consortium  (OCAC)  in 
18,174  cases  and  26,134  controls  (Odds  Ratio=1.00,  95%CI:0.97-1.04,  P=0.76).  Thus,  the 
4q32.3  is  an  ovarian  cancer  risk  factor  specific  to  BRCA1  mutation  carriers. 


Table  2.  Associations  with  breast  and  ovarian  cancer  risk  for  SNPs  found  to  be  associated  with  risk  at  all  3 
stages  of  the  experiment.  [7] _ 


SNP,  Chr,  Position,  Allelel/Allele2 

Stage 

Number 

Unaffected 

Affected 

Hazard  ratio  (95%CI) 

P-trend 

rsl7631303,  17q21,  40872185,  A/G 

Stage  1 

1797 

574 

1.46(1.22-1.74) 

1.3x10-5 

Stage  2 

7996 

1257 

1.20(1.07-1.35) 

1.5x10-3 

Stages  1+2 

9793 

1831 

1.27(1.16-1.40) 

3.0x10-7 

Stage  3 

2204 

442 

1.27(1.07-1.51) 

0.014 

Combined 

11997 

2273 

1.27(1.17-1.38) 

1.4x10-8 

rs  1 832 11,  1 7q2 1 ,  42143493,  G/A 

Stage  1 

1812 

575 

1.45  (1.23-1.71) 

2.5x10-5 

Stage  2 

8054 

1264 

1.20(1.07-1.33) 

1.1x10-3 

Stages  1+2 

9866 

1839 

1.25  (1.15-1.37) 

5.7x10-7 

Stage  3 

2204 

442 

1.25  (1.06-1.48) 

0.018 

Combined 

12070 

2281 

1.25  (1.16-1.35) 

3.1x10-8 

rs4691 139,  4q32.3,  166128171,  A/G 

Stage  1 

1812 

575 

1.24(1.08-1.42) 

3.6x10-3 

Stage  2 

8054 

1264 

1.18(1.08-1.29) 

1.3x10-4 

Stages  1+2 

9866 

1839 

1.20(1.11-1.29) 

1.1x10-6 

Stage  3 

2204 

441 

1.20(1.04-1.39) 

9x10-3 

Combined 

12070 

2280 

1.20(1.17-1.38) 

3.4x10-8 

In  summary,  SNPs  in  3q25,  4q32.3,  8q24,  9p22,  1 7q2 1.31,  and  19pl3  were  associated  with 
ovarian  cancer  in  BRCA1  mutation  carriers. 


Note:  There  are  many  publications  resulting  from  this  grant  beyond  those  referenced  in  this 
report  (see  Publications,  Abstracts,  and  Presentations).  Funding  from  the  grant  was  used  to 
design  the  iCOGS  and  Oncoarray  custom  genotyping  arrays,  and  was  used  to  cover  the  cost  of 
genotyping  BRCA1  carrier  DNA  samples  for  the  GWAS,  iCOGS,  and  Oncoarray  projects.  Any 
manuscript  using  these  arrays  or  using  data  derived  from  genotyping  studies  of  BRCA1  carriers 
using  these  arrays  was  required  to  acknowledge  the  grant. 

Aim  3:  To  evaluate  risk  modifiers  from  the  BRCA1  breast  cancer  GWAS  and  risk  factors 
from  sporadic  ovarian  cancer  GWAS  as  modifiers  of  ovarian  cancer  in  BRCA1  carriers. 

Task  10.  Compare  data  with  BRCA1  breast  GWAS  and  sporadic  ovarian  GWAS. 

Meta-analysis  for  ovarian  cancer  risk  in  BRCA1  carriers  and  the  general  population 
To  improve  statistical  power  to  identify  ovarian  cancer  risk  loci  for  BRCA1  mutation  carriers,  a 
meta-analysis  of  association  test  results  from  the  BRCA1  iCOGS  study  (12,790  unaffected;  2,462 
affected)  and  Ovarian  Cancer  Association  Consortium  iCOGS  study  of  ovarian  cancer  in  the 
general  population  (18,174  EOC  cases;  26,134  controls)  was  conducted.  Six  new  genome  wide 
significant  loci  were  identified  through  this  process  including:  rs3820282  in  WNT4  (p=2.0  x  10" 
8);  rs  12039431  RSPOl  (p=1.44  x  10"11);  rsl7329882  in  SYNP02  (p=1.95  x  10"8);  rsl  15344852  in 
GPX5  (p=3.15  x  10"8);  136138765  in  ABO  (p=1.95  x  10"8);  rs8044477  in  GOT2  (p=1.0  x  10"8). 
All  were  novel  associations  that  also  showed  significance  (p<0.05)  in  BRCA1  carriers  alone.  This 
effort  increased  the  number  of  risk  loci  for  ovarian  cancer  in  BRCA1  mutation  carriers  to  18  [8]. 
All  of  these  ovarian  cancer  risk  loci  combined  explain  3.9%  of  the  excess  familial  relative  risk  of 
epithelial  ovarian  cancer  in  the  general  population  and  account  for  approximately  5.2%  of  the 
polygenic  modifying  variance  for  epithelial  ovarian  cancer  in  BRCA1  mutation  carriers  and  9.3% 
of  the  variance  in  BRCA2  mutation  carriers. 

Ovarian  cancer  risk  models 

All  variants  associated  with  ovarian  cancer  risk  in  BRCA1  carriers  were  used  to  develop  risk 
models  for  improved  age  specific  ovarian  cancer  risk  assessments  for  BRCA1  mutation  carriers. 
Based  on  the  distribution  of  the  established  BRCA1  ovarian  cancer  risk  modifiers,  the  5%  of 
BRCA1  mutation  carriers  at  lowest  risk  will  have  a  lifetime  risk  of  developing  ovarian  cancer  of 
28%  or  lower  whereas  the  5%  at  highest  risk  will  have  a  lifetime  risk  of  63%  or  higher.  Such 
differences  in  lifetime  or  age-specific  risks  may  have  practical  implications  for  cancer  screening, 
timing  of  interventions  and  family  planning  for  BRCA1  mutation  carriers  [7,8], 

Position  Dependent  Risks  associated  with  BRCA1  and  BRCA2  mutations 

An  observational  study  of  women  with  disease-associated  BRCA1  or  BRCA2  mutations  who 
were  ascertained  between  1937  and  2011  (median,  1999)  was  conducted.  The  international 
sample  comprised  19,581  carriers  of  BRCA1  mutations  and  11,900  carriers  of  BRCA2  mutations 
from  55  centers  in  33  countries  on  6  continents.  Among  BRCA1  mutation  carriers,  9052  women 
(46%)  were  diagnosed  with  breast  cancer,  2317  (12%)  with  ovarian  cancer,  1041  (5%)  with 
breast  and  ovarian  cancer,  and  7171  (37%)  without  cancer.  Among  BRCA2  mutation  carriers, 
6180  women  (52%)  were  diagnosed  with  breast  cancer,  682  (6%)  with  ovarian  cancer,  272  (2%) 
with  breast  and  ovarian  cancer,  and  4766  (40%)  without  cancer.  Hazard  ratios  for  breast  and 
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ovarian  cancer  were  estimated  based  on  mutation  type,  function,  and  nucleotide  position.  The 
ratio  of  breast  vs  ovarian  cancer  hazard  ratios  (RHR)  was  also  estimated. 

In  BRCA1,  an  ovarian  cancer  cluster  region  (OCCR)  from  c.1380  to  c.4062  (approximately  exon 
11)  (P  =  9x  10'17)  was  identified.  In  BRCA2,  two  OCCRs  were  identified.  The  first  (OCCR1) 
spanned  c.3249  to  c.5681  (P  =  6xl(T17).  The  second  OCCR  spanned  c.6645  to  c.7471 
(P  =  0.001)  [9].  In  summary,  breast  and  ovarian  cancer  risks  varied  by  type  and  location  of 
BRCA1/2  mutations.  With  appropriate  validation,  these  data  may  have  implications  for  risk 
assessment  and  cancer  prevention  decision  making  for  carriers  of  BRCA1  and  BRCA2  mutations 
[9]. 

19pl3.1  fine  mapping 

We  previously  reported  that  variants  from  the  1 9p  13.1  locus  were  associated  with  ovarian  cancer 
risk  with  the  rs67397200  SNP  at  1 9p  13.1  associated  with  ovarian  cancer  risk  in  BRCA1 
(HR=1.16;  95%CI  1.05-1.29;  p=3.8xl0'4)  and  BRCA2  (HR=1.30;  95%CI  1.10-1.52;  p=1.8xl0'3) 
mutation  carriers.  This  SNP  and  others  in  this  locus  were  also  associated  with  breast  cancer  risk 
in  BRCA1  mutation  carriers.  To  fine  map  the  1 9p  13.1  locus  in  an  effort  to  identify  the  causative 
variants  in  this  region  a  meta-analysis  of  results  from  the  OCAC  and  BRCA1  ovarian  cancer 
studies  and  the  BCAC  and  BRCA1  breast  cancer  studies  using  1000  Genomes  imputed  SNP  was 
conducted.  Genotyping  data  from  the  iCOGS  genotyping  array  for  438  SNPs  in  this  region  in 
46,451  breast  and  15,438  ovarian  cancer  cases,  15,252  BRCA1  mutation  carriers  and  73,444 
controls  were  used.  A  region  containing  13  highly  correlated  SNPs  spanning  the  BAB  AMI, 
ANKLE1  and  ABHD8  genes  was  associated  with  serous  ovarian  cancer  (top  hit  rs4808075, 
P=9.2xlO'20),  ER-negative  breast  cancer  (rs67397200,  P=T.lxl0"13)  and  breast  cancer  in  BRCA1 
mutation  carriers  (rs61494113,  P=7.7xl0'16).  This  region  was  also  associated  specifically  with 
triple  negative  breast  cancer  in  the  general  population  (P-diff=2xl0‘5).  Functional 
characterization  of  this  locus  was  perfonned  in  breast  and  ovarian  tissues  and  cell  lines. 
Genotype-gene  expression  associations  were  identified  for  ANKLE  1  in  nonnal  ovarian  epithelial 
cells  (P=0.002)  and  for  ABHD8  in  breast  and  ovarian  tumors  (P  =  3. 0x1 0'5)  and  normal  breast 
tissues  (P=2xl0"  );  ABHD8  overexpression  induced  a  significant  reduction  in  invasion  and 
migration;  chromosome  conformation  capture  (3C)  identified  an  interaction  between  four  risk 
SNPs  and  the  ABLLD8  promoter;  CRISPR/Cas9  targeted  deletion  of  a  risk  SNP  (rs56069439) 
overlapping  a  putative  enhancer  induced  ANKLE1  downregulation;  and  mRNA  stability  and 
enhancer  assays  indicated  functional  effects  for  six  candidate  causal  SNPs.  Taken  together,  these 
data  suggest  that  multiple  risk  SNPs  in  this  region  regulate  ABHD8  and  ANKLE  1  expression,  and 
indicate  there  are  common  underlying  mechanisms  in  both  breast  and  ovarian  cancer. 

Task  11.  Design  genotyping  assays  for  candidate  SNPs. 

We  designed  a  custom  Illumina  array  named  the  ‘Onco Array’,  in  order  to  replicate  previous 
GWAS  findings  and  identify  new  cancer  susceptibility  loci.  The  OncoArray  includes  -533,000 
variants  (of  which  260,660  formed  a  GWAS  backbone)  and  has  been  used  to  genotype  over 
500,000  samples,  including  ovarian  cancer  case-control  studies  of  the  Ovarian  Cancer 
Association  Consortium  (OCAC)  and  BRCA1  and  BRCA2  mutation  carriers  of  the  Consortium  of 
Investigators  of  Modifiers  of  BRCA1/2  (CIMBA). 

Task  12.  Genotype  BRCA1  carrier  DNAs  for  candidate  SNPs. 
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A  total  of  15,694  BRCA1  mutation-carriers  including  2,372  with  ovarian  cancer  and  10,988 
BRCA2  mutation  carriers  including  849  with  ovarian  cancer  were  genotyped  on  the  Oncoarray  in 
the  Mayo  Clinic,  NCI-supported  Center  for  Inherited  Disease  Research,  Genome  Quebec,  and 
the  University  of  Cambridge.  Oncoarray  sample  quality  control  was  essentially  as  described  for 
Task  3.  Samples  with  genotyping  call  rate  <  95%,  excessively  low  or  high  heterozygosity,  not 
female,  ambiguous  sex,  or  duplicates  (cryptic  or  intended)  were  excluded.  SNPs  with  a  call  rate 
<95%,  SNPs  deviating  from  Hardy-Weinberg  equilibrium  (P<  1 0"7  in  controls  or  unrelated 
samples  in  CIMBA  and  P  <10'12  in  cases)  and  SNPs  with  concordance  <98%  among  5,280 
duplicate  pairs  were  excluded.  For  the  imputation,  SNPs  with  a  MAF<1%,  call  rate  <98%,  or  not 
linked  to  the  1000  genomes  reference  were  excluded.  Of  the  533,631  SNPs  manufactured  on  the 
array,  494,813  SNPs  passed  the  initial  quality  control  and  470,825  SNPs  were  used  for 
imputation. 

Task  13.  Data  analysis. 

At  the  conclusion  of  the  grant  the  research  described  below  had  not  yet  been  completed.  We 
include  a  brief  description  of  the  data  analysis  and  outcome  from  the  Oncoarray  project  that  has 
been  completed  since  then  in  order  to  demonstrate  that  all  Tasks  in  the  SOW  were  completed. 
Much  of  this  material  is  unpublished. 

To  identify  SNPs  associated  with  ovarian  cancer  data  from  OCAC  and  CIMBA  from  iCOGS  and 
Oncoarray  studies  were  combined  in  a  meta-analysis.  We  obtained  genotype  data  on  3,342  (584 
affected)  BRCA1  and  1,424  (105  affected)  BRCA2  non-overlapping  samples  from  iCOGS  array. 
When  combined  with  the  oncoarray  study,  genotype  data  from  19,036  BRCA1  carriers  including 
2,933  with  ovarian  cancer  and  12,412  BRCA2  mutation  carriers  including  954  with  ovarian 
cancer  were  available  for  analysis.  The  OCAC  OncoArray  data  set  comprised  63  genotyping 
project/case-controls  sets  including  66,450  samples  from  seven  genotyping  projects:  40,941 
controls,  22,406  invasive  cases  and  3,103  borderline  cases.  For  the  logarithm  of  the  per-allele 
hazard  ratio  estimate  for  the  association  with  ovarian  cancer  risk  in  BRCA1  and  BRCA2  mutation 
carriers  and  the  logarithm  of  the  per-allele  odds  ratio  estimate  for  the  association  with  ovarian 
cancer  in  OCAC.  Association  analyses  for  OCAC  revealed  12  novel  loci  associated  with  ovarian 
cancer  at  genome- wide  significance  (p<5xl0'8)  in  the  general  population  (unpublished  data). 
The  meta-analysis  of  OCAC  and  CIMBA  revealed  three  additional  ovarain  cancer  loci.  Eighteen 
of  the  22  previously  published  ovarian  cancer  loci  were  associated  with  the  same  histotype  at 
genome -wide  significance.  Of  these,  1 1  showed  an  association  with  serous  ovarian  cancer  risk 
for  BRCA1  mutation  carriers  and  eight  showed  an  association  with  risk  for  BRCA2  carriers 
(P<0.05)  (unpublished  data).  In  total  there  are  34  loci  associated  with  various  subtypes  of  ovarian 
cancer  for  women  of  European  ancestry,  of  which  27  are  associated  with  all  invasive  serous 
ovarian  cancer  (P<0.01)  and  27  are  associated  with  ovarian  cancer  in  BRCA1  mutation 
carriers.  These  27  loci  account  for  approximately  6.4%  of  the  polygenic  risk  in  the  population 
(unpublished  data).  Incorporating  common  susceptibility  variants  into  risk  assessment  tools  will 
improve  risk  prediction  and  may  be  particularly  useful  for  refining  risk  estimates 
in  BRCA1  and  BRCA2  mutation  carriers. 

Personnel  Receiving  Pay  from  this  Grant  at  Any  Point  in  the  Project: 

Year  1  Year  2  Year  3  NCE 
Fergus  J.  Couch,  Ph.D.  7.33%  8.17%  7.50%  6.58% 
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Gaofeng  Cui,  Ph.D. 
Susan  Slager,  Ph.D. 
Xianshu  Wang,  Ph.D. 


20.83% 

2.83% 


12.5% 


NOTE :  Infonnatics  and  statistics  personnel  are  not  itemized  here  because  they  were  billed  as 
Internal  Services  at  a  departmental  charge-out  rate  rather  than  receiving  individual  salary  support. 


12 


4.  Key  Research  Accomplishments: 

•  Genome  wide  associations  studies  have  identified  27  modifiers  of  ovarian  cancer  risk 
among  BRCA1  carriers. 

•  A  modifier  locus  on  chromosome  4q32  is  unique  to  BRCA1  carriers. 

•  Altered  expression  of  ABHD8  and  ANKLE  1  account  for  the  increased  ovarian  cancer  risk 
associated  with  common  variants  on  chromosome  1 9p  13.1. 

•  Personalized  ovarian  cancer  risk  prediction  models  for  BRCA1  carriers  identified  women 
with  lifetime  risks  ranging  from  28%  to  63%. 

•  Risks  of  ovarian  cancer  associated  with  BRCA1  mutations  are  modified  by  the  position  of 
the  mutation  in  the  BRCA1  gene. 

5.  Conclusion: 

In  summary,  we  have  completed  multiple  phases  of  GWAS  aimed  at  identifying  ovarian  cancer 
risk  modifiers  among  BRCA1  mutation  carriers.  We  showed  that  variants  from  25  loci  that  have 
been  associated  with  risk  of  ovarian  cancer  in  the  general  population  are  risk  modifiers  of 
ovarian  cancer  for  BRCA1  mutation  carriers.  In  addition,  two  novel  loci  at  4q32  and  1 7q2 1  have 
been  associated  with  ovarian  cancer  risk  in  BRCA1  carriers  but  not  in  the  general  population.  Of 
these  the  4q32  locus  was  not  associated  with  ovarian  cancer  in  BRCA2  mutation  carriers.  Thus, 
specific  modifiers  of  ovarian  cancer  risk  exist  for  this  population.  The  27  risk  modifiers  of 
ovarian  cancer  risk  are  useful  for  predicting  differences  in  individual  ovarian  cancer  risk  among 
BRCA1  mutation  carriers.  Estimation  of  personalized  risks  of  ovarian  cancer  for  BRCA1 
mutation  carriers  will  be  made  available  in  the  Boadicea  risk  prediction  program. 

6.  Publications,  Abstracts,  and  Presentations: 

1 .  Lay  Press:  Nothing  to  Report 

2.  2.  Peer  Reviewed  Scientific  Journals 

Note:  There  are  many  publications  resulting  from  this  grant  beyond  those  referenced  in  this 
report  (see  Publications,  Abstracts,  and  Presentations).  Funding  from  the  grant  was  used  to 
design  the  iCOGS  and  Oncoarray  custom  genotyping  arrays,  and  was  used  to  cover  the  cost  of 
genotyping  BRCA1  carrier  DNA  samples  for  the  GWAS,  iCOGS,  and  Oncoarray  projects.  Any 
manuscript  using  these  arrays  or  using  data  derived  from  genotyping  studies  of  BRCA1  carriers 
using  these  arrays  was  required  to  acknowledge  the  grant. 

1.  Antoniou  AC,  Kartsonaki  C,  Sinilnikova  OM,  Soucy  P,  McGuffog  L,  Healey  S,  Lee  A, 
Peterlongo  P,  Manoukian  S,  Peissel  B,  Zaffaroni  D,  Cattaneo  E,  Barile  M,  Pensotti  V, 
Pasini  B,  Dolcetti  R,  Giannini  G,  Laura  Putignano  A,  Varesco  L,  Radice  P,  Mai  PL, 
Greene  MH,  Andrulis  IL,  Glendon  G,  Ozcelik  H,  Thomassen  M,  Gerdes  AM,  Kruse  TA, 
Birk  Jensen  U,  Criiger  DG,  Caligo  MA,  Laitman  Y,  Milgrom  R,  Kaufman  B,  Paluch- 
Shimon  S,  Friedman  E,  Loman  N,  Harbst  K,  Lindblom  A,  Arver  B,  Ehrencrona  H,  Melin 
B;  SWE-BRCA,  Nathanson  KL,  Domchek  SM,  Rebbeck  T,  Jakubowska  A,  Lubinski  J, 
Gronwald  J,  Huzarski  T,  Byrski  T,  Cybulski  C,  Gorski  B,  Osorio  A,  Ramon  Y  Cajal  T, 
Fostira  F,  Andres  R,  Benitez  J,  Hamann  U,  Hogervorst  FB,  Rookus  MA,  Hooning  MJ, 
Nelen  MR,  van  der  Luijt  RB,  van  Os  TA,  van  Asperen  CJ,  Devilee  P,  Meijers-Heijboer 


13 


HE,  Gomez  Garcia  EB;  HEBON,  Peock  S,  Cook  M,  Frost  D,  Platte  R,  Leyland  J,  Gareth 
Evans  D,  Lalloo  F,  Eeles  R,  Izatt  L,  Adlard  J,  Davidson  R,  Eccles  D,  Ong  KR,  Cook  J, 
Douglas  F,  Paterson  J,  John  Kennedy  M,  Miedzybrodzka  Z;  EMBRACE,  Godwin  A, 
Stoppa-Lyonnet  D,  Buecher  B,  Belotti  M,  Tirapo  C,  Mazoyer  S,  Barjhoux  L,  Lasset  C, 
Leroux  D,  Faivre  L,  Bronner  M,  Prieur  F,  Nogues  C,  Rouleau  E,  Pujol  P,  Coupier  I, 
Frenay  M;  CEMO  Study  Collaborators,  Hopper  JL,  Daly  MB,  Terry  MB,  John  EM,  Buys 
SS,  Yassin  Y,  Miron  A,  Goldgar  D;  Breast  Cancer  Family  Registry,  Singer  CF,  Tea  MK, 
Pfeiler  G,  Catharina  Dressier  A,  Hansen  TV,  Jonson  L,  Ejlertsen  B,  Bjork  Barkardottir  R, 
Kirchhoff  T,  Offit  K,  Piedmonte  M,  Rodriguez  G,  Small  L,  Boggess  J,  Blank  S,  Basil  J, 
Azodi  M,  Ewart  Toland  A,  Montagna  M,  Tognazzo  S,  Agata  S,  Imyanitov  E,  Janavicius 
R,  Lazaro  C,  Blanco  I,  Pharoah  PD,  Sucheston  L,  Karlan  BY,  Walsh  CS,  Olah  E,  Bozsik 
A,  Teo  SH,  Seldon  JL,  Beattie  MS,  van  Rensburg  EJ,  Sluiter  MD,  Diez  O,  Schmutzler 
RK,  Wappenschmidt  B,  Engel  C,  Meindl  A,  Ruehl  I,  Varon-Mateeva  R,  Kast  K,  Deissler 
H,  Niederacher  D,  Arnold  N,  Gadzicki  D,  Schonbuchner  I,  Caldes  T,  de  la  Hoya  M, 
Nevanlinna  H,  Aittomaki  K,  Dumont  M,  Chiquette  J,  Tischkowitz  M,  Chen  X,  Beesley  J, 
Spurdle  AB;  kConFab  investigators,  Neuhausen  SL,  Chun  Ding  Y,  Fredericksen  Z,  Wang 
X,  Pankratz  VS,  Couch  F,  Simard  J,  Easton  DF,  Chenevix-Trench  G;  onbehalf  of 
CIMBA.  Common  alleles  at  6q25.1  and  lpl  1.2  are  associated  with  breast  cancer  risk  for 
BRCA1  and  BRCA2  mutation  carriers.  Hum  Mol  Genet.  20(16):3304-3321,  2011. 
PMC3652640. 

2.  Cox  DG,  Simard  J,  Sinnett  D,  Hamdi  Y,  Soucy  P,  Ouimet  M,  Barjhoux  L,  Verny-Pierre 
C,  McGuffog  L,  Healey  S,  Szabo  C,  Greene  MH,  Mai  PL,  Andrulis  IL;  Ontario  Cancer 
Genetics  Network,  Thomassen  M,  Gerdes  AM,  Caligo  MA,  Friedman  E,  Laitman  Y, 
Kaufman  B,  Paluch  SS,  Borg  A,  Karlsson  P,  Stenmark  Askmalm  M,  Barbany  Bustinza 
G;  SWE-BRCA  Collaborators,  Nathanson  KL,  Domchek  SM,  Rebbeck  TR,  Benitez  J, 
Hamann  U,  Rookus  MA,  van  den  Ouweland  AM,  Ausems  MG,  Aalfs  CM,  van  Asperen 
CJ,  Devilee  P,  Gille  HJ;  HEBON;  EMBRACE,  Peock  S,  Frost  D,  Evans  DG,  Eeles  R, 
Izatt  L,  Adlard  J,  Paterson  J,  Eason  J,  Godwin  AK,  Remon  MA,  Moncoutier  V,  Gauthier- 
Villars  M,  Lasset  C,  Giraud  S,  Hardouin  A,  Berthet  P,  Sobol  H,  Eisinger  F,  Bressac  de 
Paillerets  B,  Caron  O,  Delnatte  C;  GEMO  Study  Collaborators,  Goldgar  D,  Miron  A, 
Ozcelik  H,  Buys  S,  Southey  MC,  Terry  MB;  The  Breast  Cancer  Family  Registry,  Singer 
CF,  Dressier  AC,  Tea  MK,  Hansen  TV,  Johannsson  O,  Piedmonte  M,  Rodriguez  GC, 
Basil  JB,  Blank  S,  Toland  AE,  Montagna  M,  Isaacs  C,  Blanco  I,  Gayther  SA,  Moysich 
KB,  Schmutzler  RK,  Wappenschmidt  B,  Engel  C,  Meindl  A,  Ditsch  N,  Arnold  N, 
Niederacher  D,  Sutter  C,  Gadzicki  D,  Fiebig  B,  Caldes  T,  Laframboise  R,  Nevanlinna  H, 
Chen  X,  Beesley  J,  Spurdle  AB,  Neuhausen  SL,  Ding  YC,  Couch  FJ,  Wang  X, 
Peterlongo  P,  Manoukian  S,  Bernard  L,  Radice  P,  Easton  DF,  Chenevix-Trench  G, 
Antoniou  AC,  Stoppa-Lyonnet  D,  Mazoyer  S,  Sinilnikova  OM;  on  behalf  of  the 
Consortium  of  Investigators  of  Modifiers  of  BRCA1/2.  Common  variants  of  the  BRCA1 
wild-type  allele  modify  the  risk  of  breast  cancer  in  BRCA1  mutation  carriers.  Hum  Mol 
Genet.  20(23):4732-4747,  2011.  PMC3733139. 

3.  Ramus  SJ,  Antoniou  AC,  Kuchenbaecker  KB,  Soucy  P,  Beesley  J,  Chen  X,  McGuffog  L, 
Sinilnikova  OM,  Healey  S,  Barrowdale  D,  Lee  A,  Thomassen  M,  Gerdes  AM,  Kruse  TA, 
Jensen  UB,  Skytte  AB,  Caligo  MA,  Liljegren  A,  Lindblom  A,  Olsson  H,  Kristoffersson 


14 


U,  Stenmark-Askmalm  M,  Melin  B;  SWE-BRCA,  Domchek  SM,  Nathanson  KL, 
Rebbeck  TR,  Jakubowska  A,  Lubinski  J,  Jaworska  K,  Durda  K,  Zlowocka  E,  Gronwald  J, 
Huzarski  T,  Byrski  T,  Cybulski  C,  Toloczko-Grabarek  A,  Osorio  A,  Benitez  J,  Duran  M, 
Tejada  MI,  Hamann  U,  Rookus  M,  van  Leeuwen  FE,  Aalfs  CM,  Meijers-Heijboer  HE, 
van  Asperen  CJ,  van  Roozendaal  KE,  Hoogerbrugge  N,  Margriet  Collee  J,  Kriege  M,  van 
der  Luijt  RB;  HEBON;  EMBRACE,  Peock  S,  Frost  D,  Ellis  SD,  Platte  R,  Fineberg  E, 
Evans  DG,  Lalloo  F,  Jacobs  C,  Eeles  R,  Adlard  J,  Davidson  R,  Eccles  D,  Cole  T,  Cook  J, 
Paterson  J,  Douglas  F,  Brewer  C,  Hodgson  S,  Morrison  PJ,  Walker  L,  Porteous  ME, 
Kennedy  MJ,  Pathak  H,  Godwin  AK,  Stoppa-Lyonnet  D,  Caux-Moncoutier  V,  de  Pauw 
A,  Gauthier- Villars  M,  Mazoyer  S,  Leone  M,  Calender  A,  Lasset  C,  Bonadona  V, 
Hardouin  A,  Berthet  P,  Bignon  YJ,  Uhrhammer  N,  Faivre  L,  Loustalot  C;  GEMO,  Buys 
S,  Daly  M,  Miron  A,  Beth  Terry  M,  Chung  W,  John  EM,  Southey  M,  Goldgar  D,  Singer 
CF,  Tea  Maria  MK,  Pfeiler  G,  Fink-Retter  A,  Hansen  TV,  Ejlertsen  B,  Johannsson  OT, 
Offit  K,  Kirchhoff  T,  Gaudet  MM,  Vijai  J,  Robson  M,  Piedmonte  M,  Phillips  KA,  Van 
Le  L,  Hoffman  JS,  Toland  AE,  Montagna  M,  Tognazzo  S,  Imyanitov  E,  Isaacs  C, 
Janavicius  R,  Lazaro  C,  Blanco  I,  Tornero  E,  Navarro  M,  Moysich  KB,  Karlan  BY, 
Gross  J,  Olah  E,  Vaszko  T,  Teo  SH,  Ganz  PA,  Beattie  MS,  Dorfling  CM,  van  Rensburg 
EJ,  Diez  O,  Kwong  A,  Schmutzler  RK,  Wappenschmidt  B,  Engel  C,  Meindl  A,  Ditsch  N, 
Arnold  N,  Heidemann  S,  Niederacher  D,  Preisler-Adams  S,  Gadzicki  D,  Varon-Mateeva 
R,  Deissler  H,  Gehrig  A,  Sutter  C,  Kast  K,  Fiebig  B,  Schafer  D,  Caldes  T,  de  la  Hoya  M, 
Nevanlinna  H,  Aittomaki  K,  Plante  M,  Spurdle  AB;  kConFab,  Neuhausen  SL,  Ding  YC, 
Wang  X,  Lindor  N,  Fredericksen  Z,  Pankratz  VS,  Peterlongo  P,  Manoukian  S,  Peissel  B, 
Zaffaroni  D,  Bonanni  B,  Bernard  L,  Dolcetti  R,  Papi  L,  Ottini  L,  Radice  P,  Greene  MH, 
Mai  PL,  Andrulis  IL,  Glendon  G,  Ozcelik  H;  OCGN,  Pharoah  PD,  Gayther  SA,  Simard  J, 
Easton  DF,  Couch  FJ,  Chenevix-Trench  G.  Ovarian  cancer  susceptibility  alleles  and  risk 
of  ovarian  cancer  in  BRCA1  and  BRCA2  mutation  carriers.  Hum  Mutat.  33(4):690-702, 
2012.  PMC3458423. 

4.  Stevens  KN,  Kelemen  LE,  Wang  X,  Fridley  BL,  Vierkant  RA,  Fredericksen  Z,  Armasu 
SM,  Tsai  YY,  Berchuck  A,  Association  Consortium  OC,  Narod  SA,  Phelan  CM,  Sutphen 

R,  Birrer  MJ,  Schildkraut  JM,  Sellers  TA,  Goode  EL,  Couch  FJ.  Common  variation  in 
Nemo-like  kinase  (NLK)  is  associated  with  risk  of  ovarian  cancer.  Cancer  Epidemiol 
Biomarkers  2 1(3):523-8,  2012.  PMC3297683. 

5.  Antoniou  AC,  Kuchenbaecker  KB,  Soucy  P,  Beesley  J,  Chen  X,  McGuffog  L,  Lee  A, 
Barrowdale  D,  Healey  S,  Sinilnikova  OM,  Caligo  MA,  Loman  N,  Harbst  K,  Lindblom  A, 
Arver  B,  Rosenquist  R,  Karlsson  P,  Nathanson  K,  Domchek  S,  Rebbeck  T,  Jakubowska 
A,  Lubinski  J,  Jaworska  K,  Durda  K,  Zlowocka-Perlowska  E,  Osorio  A,  Duran  M, 
Andres  R,  Benitez  J,  Hamann  U,  Hogervorst  FB,  A  van  O  T,  Verhoef  S,  Meijers- 
Heijboer  HE,  Wijnen  J,  Gomez  Garcia  EB,  Ligtenberg  MJ,  Kriege  M,  Collee  JM, 
Ausems  MG,  Oosterwijk  JC,  Peock  S,  Frost  D,  Ellis  SD,  Platte  R,  Fineberg  E,  Evans  DG, 
Lalloo  F,  Jacobs  C,  Eeles  R,  Adlard  J,  Davidson  R,  Cole  T,  Cook  J,  Paterson  J,  Douglas 
F,  Brewer  C,  Hodgson  S,  Morrison  PJ,  Walker  L,  Rogers  MT,  Donaldson  A,  Dorkins  H, 
Godwin  AK,  Bove  B,  Stoppa-Lyonnet  D,  Houdayer  C,  Buecher  B,  de  Pauw  A,  Mazoyer 

S,  Calender  A,  Leone  M,  Bressac-de  Paillerets  B,  Caron  O,  Sobol  H,  Frenay  M,  Prieur  F, 
Fert  Ferrer  S,  Mortemousque  I,  Buys  S,  Daly  M,  Miron  A,  Terry  MB,  Hopper  JL,  John 


15 


EM,  Southey  M,  Goldgar  D,  Singer  CF,  Fink-Retter  A,  Tea  MK,  Geschwantler  Kaulich 
D,  Hansen  TV,  Nielsen  FC,  Barkardottir  RB,  Gaudet  M,  Kirchhoff  T,  Joseph  V,  Dutra- 
Clarke  A,  Offit  K,  Piedmonte  M,  Kirk  J,  Cohn  D,  Hurteau  J,  Byron  J,  Fiorica  J,  Toland 
AE,  Montagna  M,  Oliani  C,  Imyanitov  E,  Isaacs  C,  Tihomirova  L,  Blanco  I,  Lazaro  C, 
Teule  A,  Del  Valle  J,  Gayther  SA,  Odunsi  K,  Gross  J,  Karlan  BY,  Olah  E,  Teo  SH,  Ganz 
PA,  Beattie  MS,  Dorfling  CM,  Jansen  van  Rensburg  E,  Diez  O,  Kwong  A,  Schmutzler 
RK,  Wappenschmidt  B,  Engel  C,  Meindl  A,  Ditsch  N,  Arnold  N,  Heidemann  S, 
Niederacher  D,  Preisler-Adams  S,  Gadzicki  D,  Varon-Mateeva  R,  Deissler  H,  Gehrig  A, 
Sutter  C,  Kast  K,  Fiebig  B,  Schafer  D,  Caldes  T,  de  la  Hoya  M,  Nevanlinna  H,  Muranen 
TA,  Lesperance  B,  Spurdle  AB,  Neuhausen  SL,  Ding  YC,  Wang  X,  Fredericksen  Z, 
Pankratz  VS,  Lindor  NM,  Peterlongo  P,  Manoukian  S,  Peissel  B,  Zaffaroni  D,  Bonanni 
B,  Bernard  L,  Dolcetti  R,  Papi  L,  Ottini  L,  Radice  P,  Greene  MH,  Loud  JT,  Andrulis  IL, 
Ozcelik  H,  Mulligan  AM,  Glendon  G,  Thomassen  M,  Gerdes  AM,  Jensen  UB,  Skytte 

AB,  Kruse  TA,  Chenevix-Trench  G,  Couch  FJ,  Simard  J,  Easton  DF,  Swedish  Breast 
Cancer  Study,  HEBON,  EMBRACE,  GEMO  Collaborators,  kConFab  Investigators. 
Common  variants  at  12p  1 1 ,  12q24,  9p21,  9q31.2  and  in  ZNF365  are  associated  with 
breast  cancer  risk  for  BRCA1  and/or  BRCA2  mutation  carriers.  Breast  Cancer  Res. 
14(1):R33,  2012.  PMC3496151. 

6.  Couch  FJ,  Gaudet  MM,  Antoniou  AC,  Ramus  SJ,  Kuchenbaecker  KB,  Soucy  P,  Beesley 
J,  Chen  X,  Wang  X,  Kirchhoff  T,  McGuffog  L,  Barrowdale  D,  Lee  A,  Healey  S, 
Sinilnikova  OM,  Andrulis  IL;  for  OCGN,  Ozcelik  H,  Mulligan  AM,  Thomassen  M, 
Gerdes  AM,  Jensen  UB,  Skytte  AB,  Kruse  TA,  Caligo  MA,  von  Wachenfeldt  A, 
Barbany-Bustinza  G,  Loman  N,  Soller  M,  Ehrencrona  H,  Karlsson  P;  for  SWE-BRCA, 
Nathanson  KL,  Rebbeck  TR,  Domchek  SM,  Jakubowska  A,  Lubinski  J,  Jaworska  K, 
Durda  K,  Zlowocka  E,  Huzarski  T,  Byrski  T,  Gronwald  J,  Cybulski  C,  Gorski  B,  Osorio 
A,  Duran  M,  Tejada  MI,  Benitez  J,  Hamann  U,  Hogervorst  FB;  for  HEBON,  van  Os  TA, 
van  Leeuwen  FE,  Meijers-Heijboer  HE,  Wijnen  J,  Blok  MJ,  Kets  M,  Hooning  MJ, 
Oldenburg  RA,  Ausems  MG,  Peock  S,  Frost  D,  Ellis  SD,  Platte  R,  Fineberg  E,  Evans 
DG,  Jacobs  C,  Eeles  RA,  Adlard  J,  Davidson  R,  Eccles  DM,  Cole  T,  Cook  J,  Paterson  J, 
Brewer  C,  Douglas  F,  Hodgson  SV,  Morrison  PJ,  Walker  L,  Porteous  ME,  Kennedy  MJ, 
Side  LE;  for  EMBRACE,  Bove  B,  Godwin  AK,  Stoppa-Lyonnet  D;  for  GEMO  Study 
Collaborators,  Fassy-Colcombet  M,  Castera  L,  Cornells  F,  Mazoyer  S,  Leone  M,  Boutry- 
Kryza  N,  Bressac-de  Paillerets  B,  Caron  O,  Pujol  P,  Coupler  I,  Delnatte  C,  Akloul  L, 
Lynch  HT,  Snyder  CL,  Buys  SS,  Daly  MB,  Terry  M,  Chung  WK,  John  EM,  Miron  A, 
Southey  MC,  Hopper  JL,  Goldgar  DE,  Singer  CF,  Rappaport  C,  Tea  MK,  Fink-Retter  A, 
Hansen  TV,  Nielsen  FC,  Arason  A,  Vijai  J,  Shah  S,  Sarrel  K,  Robson  ME,  Piedmonte  M, 
Phillips  K,  Basil  J,  Rubinstein  WS,  Boggess  J,  Wakeley  K,  Ewart-Toland  A,  Montagna 

M,  Agata  S,  Imyanitov  EN,  Isaacs  C,  Janavicius  R,  Lazaro  C,  Blanco  I,  Feliubadalo  L, 
Brunet  J,  Gayther  SA,  Pharoah  PP,  Odunsi  KO,  Karlan  BY,  Walsh  CS,  Olah  E,  Teo  SH, 
Ganz  PA,  Beattie  MS,  van  Rensburg  EJ,  Dorfling  CM,  Diez  O,  Kwong  A,  Schmutzler 
RK,  Wappenschmidt  B,  Engel  C,  Meindl  A,  Ditsch  N,  Arnold  N,  Heidemann  S, 
Niederacher  D,  Preisler-Adams  S,  Gadzicki  D,  Varon-Mateeva  R,  Deissler  H,  Gehrig  A, 
Sutter  C,  Kast  K,  Fiebig  B,  Heinritz  W,  Caldes  T,  de  la  Hoya  M,  Muranen  TA, 
Nevanlinna  H,  Tischkowitz  MD,  Spurdle  AB,  Neuhausen  SL,  Ding  YC,  Lindor  NM, 
Fredericksen  Z,  Pankratz  VS,  Peterlongo  P,  Manoukian  S,  Peissel  B,  Zaffaroni  D,  Barile 


16 


M,  Bernard  L,  Viel  A,  Giannini  G,  Varesco  L,  Radice  P,  Greene  MH,  Mai  PL,  Easton 
DF,  Chenevix-Trench  G;  for  kConFab  investigators,  Offit  K,  Simard  J;  on  behalf  of  the 
Consortium  of  Investigators  of  Modifiers  of  BRCA1/2.  Common  Variants  at  the  1 9p  13.1 
and  ZNF365  Foci  Are  Associated  with  ER  Subtypes  of  Breast  Cancer  and  Ovarian 
Cancer  Risk  in  BRCA1  and  BRCA2  Mutation  Carriers.  Cancer  Epidemiol  Biomarkers 
Prev.  2 1  (4):645-657,  2012.  PMC3319317. 

7.  Bojesen  SE,  Pooley  KA,  Johnatty  SE,  Beesley  J,  Michailidou  K,  Tyrer  JP,  Edwards  SL, 
Pickett  HA,  Shen  HC,  Smart  CE,  Hillman  KM,  Mai  PL,  Lawrenson  K,  Stutz  MD,  Lu  Y, 
Karevan  R,  Woods  N,  Johnston  RL,  French  JD,  Chen  X,  Weischer  M,  Nielsen  SF, 
Maranian  MJ,  Ghoussaini  M,  Ahmed  S,  Baynes  C,  Bolla  MK,  Wang  Q,  Dennis  J, 
McGuffog  L,  Barrowdale  D,  Lee  A,  Healey  S,  Lush  M,  Tessier  DC,  Vincent  D,  Bacot  F; 
Australian  Cancer  Study;  Australian  Ovarian  Cancer  Study;  Kathleen  Cuningham 
Foundation  Consortium  for  Research  into  Familial  Breast  Cancer  (kConFab);  Gene 
Environment  Interaction  and  Breast  Cancer  (GENICA);  Swedish  Breast  Cancer  Study 
(SWE-BRCA);  Hereditary  Breast  and  Ovarian  Cancer  Research  Group  Netherlands 
(HEBON);  Epidemiological  study  of  BRCA1  &  BRCA2  Mutation  Carriers 
(EMBRACE);  Genetic  Modifiers  of  Cancer  Risk  in  BRCA1/2  Mutation  Carriers 
(GEMO),  Vergote  I,  Lambrechts  S,  Despierre  E,  Risch  HA,  Gonzalez -Neira  A,  Rossing 
MA,  Pita  G,  Doherty  JA,  Alvarez  N,  Larson  MC,  Fridley  BL,  Schoof  N,  Chang-Claude  J, 
Cicek  MS,  Peto  J,  Kalli  KR,  Broeks  A,  Armasu  SM,  Schmidt  MK,  Braaf  LM,  Winterhoff 
B,  Nevanlinna  H,  Konecny  GE,  Lambrechts  D,  Rogmann  L,  Guenel  P,  Teoman  A,  Milne 
RL,  Garcia  JJ,  Cox  A,  Shridhar  V,  Burwinkel  B,  Manne  F,  Hein  R,  Sawyer  EJ,  Haiman 
CA,  Wang-Gohrke  S,  Andrulis  IL,  Moysich  KB,  Hopper  JL,  Odunsi  K,  Lindblom  A, 
Giles  GG,  Brenner  H,  Simard  J,  Lurie  G,  Fasching  PA,  Carney  ME,  Radice  P,  Wilkens 
LR,  Swerdlow  A,  Goodman  MT,  Brauch  H,  Garcia-Closas  M,  Hillemanns  P,  Winqvist  R, 
Durst  M,  Devilee  P,  Runnebaum  I,  Jakubowska  A,  Lubinski  J,  Mannermaa  A,  Butzow  R, 
Bogdanova  NV,  Dork  T,  Pelttari  LM,  Zheng  W,  Leminen  A,  Anton-Culver  H,  Bunker 
CH,  Kristensen  V,  Ness  RB,  Muir  K,  Edwards  R,  Meindl  A,  Heitz  F,  Matsuo  K,  du  Bois 
A,  Wu  AH,  Harter  P,  Teo  SH,  Schwaab  I,  Shu  XO,  Blot  W,  Hosono  S,  Kang  D, 
Nakanishi  T,  Hartman  M,  Yatabe  Y,  Hamann  U,  Karlan  BY,  Sangrajrang  S,  Kjaer  SK, 
Gaborieau  V,  Jensen  A,  Eccles  D,  Hogdall  E,  Shen  CY,  Brown  J,  Woo  YL,  Shah  M, 
Azmi  MA,  Luben  R,  Omar  SZ,  Czene  K,  Vierkant  RA,  Nordestgaard  BG,  Flyger  H, 
Vachon  C,  Olson  JE,  Wang  X,  Levine  DA,  Rudolph  A,  Weber  RP,  Flesch-Janys  D, 
Iversen  E,  Nickels  S,  Schildkraut  JM,  Silva  Idos  S,  Cramer  DW,  Gibson  L,  Terry  KL, 
Fletcher  O,  Vitonis  AF,  van  der  Schoot  CE,  Poole  EM,  Hogervorst  FB,  Tworoger  SS, 
Liu  J,  Bandera  EV,  Li  J,  Olson  SH,  Humphreys  K,  Orlow  I,  Blomqvist  C,  Rodriguez- 
Rodriguez  L,  Aittomaki  K,  Salvesen  HB,  Muranen  TA,  Wik  E,  Brouwers  B,  Krakstad  C, 
Wauters  E,  Halle  MK,  Wildiers  H,  Kiemeney  LA,  Mulot  C,  Aben  KK,  Laurent-Puig  P, 
Altena  AM,  Truong  T,  Massuger  LF,  Benitez  J,  Pejovic  T,  Perez  JI,  Hoatlin  M,  Zamora 
MP,  Cook  LS,  Balasubramanian  SP,  Kelemen  LE,  Schneeweiss  A,  Le  ND,  Sohn  C, 
Brooks-Wilson  A,  Tomlinson  I,  Kerin  MJ,  Miller  N,  Cybulski  C,  Henderson  BE, 
Menkiszak  J,  Schumacher  F,  Wentzensen  N,  Le  Marchand  L,  Yang  HP,  Mulligan  AM, 
Glendon  G,  Engelholm  SA,  Knight  JA,  Hogdall  CK,  Apicella  C,  Gore  M,  Tsimiklis  H, 
Song  H,  Southey  MC,  Jager  A,  den  Ouweland  AM,  Brown  R,  Martens  JW,  Flanagan  JM, 
Kriege  M,  Paul  J,  Margolin  S,  Siddiqui  N,  Severi  G,  Whittemore  AS,  Baglietto  L, 


17 


McGuire  V,  Stegmaier  C,  Sieh  W,  Muller  H,  Arndt  V,  Labreche  F,  Gao  YT,  Goldberg 
MS,  Yang  G,  Dumont  M,  McLaughlin  JR,  Hartmann  A,  Ekici  AB,  Beckmann  MW, 
Phelan  CM,  Lux  MP,  Permuth-Wey  J,  Peissel  B,  Sellers  TA,  Ficarazzi  F,  Barile  M, 
Ziogas  A,  Ashworth  A,  Gentry-Maharaj  A,  Jones  M,  Ramus  SJ,  Orr  N,  Menon  U,  Pearce 

CL,  Briining  T,  Pike  MC,  Ko  YD,  Lissowska  J,  Figueroa  J,  Kupryjanczyk  J,  Chanock  SJ, 
Dansonka-Mieszkowska  A,  Jukkola-Vuorinen  A,  Rzepecka  IK,  Pylkas  K,  Bidzinski  M, 
Kauppila  S,  Hollestelle  A,  Seynaeve  C,  Tollenaar  RA,  Durda  K,  Jaworska  K,  Hartikainen 
JM,  Kosma  VM,  Kataja  V,  Antonenkova  NN,  Long  J,  Shrubsole  M,  Deming-Halverson 
S,  Lophatananon  A,  Siriwanarangsan  P,  Stewart-Brown  S,  Ditsch  N,  Lichtner  P, 
Schmutzler  RK,  Ito  H,  Iwata  H,  Tajima  K,  Tseng  CC,  Strain  DO,  van  den  Berg  D,  Yip 
CH,  Ikram  MK,  Teh  YC,  Cai  H,  Lu  W,  Signorello  LB,  Cai  Q,  Noh  DY,  Yoo  KY,  Miao 
H,  Iau  PT,  Teo  YY,  McKay  J,  Shapiro  C,  Ademuyiwa  F,  Fountzilas  G,  Hsiung  CN,  Yu 
JC,  Hou  MF,  Healey  CS,  Luccarini  C,  Peock  S,  Stoppa-Lyonnet  D,  Peterlongo  P, 
Rebbeck  TR,  Piedmonte  M,  Singer  CF,  Friedman  E,  Thomassen  M,  Offit  K,  Hansen  TV, 
Neuhausen  SL,  Szabo  Cl,  Blanco  I,  Garber  J,  Narod  SA,  Weitzel  JN,  Montagna  M,  Olah 
E,  Godwin  AK,  Yannoukakos  D,  Goldgar  DE,  Caldes  T,  Imyanitov  EN,  Tihomirova  L, 
Arun  BK,  Campbell  I,  Mensenkamp  AR,  van  Asperen  CJ,  van  Roozendaal  KE,  Meijers- 
Heijboer  H,  Collee  JM,  Oosterwijk  JC,  Hooning  MJ,  Rookus  MA,  van  der  Luijt  RB,  Os 
TA,  Evans  DG,  Frost  D,  Fineberg  E,  Barwell  J,  Walker  L,  Kennedy  MJ,  Platte  R, 
Davidson  R,  Ellis  SD,  Cole  T,  Bressac-de  Paillerets  B,  Buecher  B,  Damiola  F,  Faivre  L, 
Frenay  M,  Sinilnikova  OM,  Caron  O,  Giraud  S,  Mazoyer  S,  Bonadona  V,  Caux- 
Moncoutier  V,  Toloczko-Grabarek  A,  Gronwald  J,  Byrski  T,  Spurdle  AB,  Bonanni  B, 
Zaffaroni  D,  Giannini  G,  Bernard  L,  Dolcetti  R,  Manoukian  S,  Arnold  N,  Engel  C, 
Deissler  H,  Rhiem  K,  Niederacher  D,  Plendl  H,  Sutter  C,  Wappenschmidt  B,  Borg  A, 
Melin  B,  Rantala  J,  Soller  M,  Nathanson  KL,  Domchek  SM,  Rodriguez  GC,  Salani  R, 
Kaulich  DG,  Tea  MK,  Paluch  SS,  Laitman  Y,  Skytte  AB,  Kruse  TA,  Jensen  UB,  Robson 
M,  Gerdes  AM,  Ejlertsen  B,  Foretova  L,  Savage  SA,  Lester  J,  Soucy  P,  Kuchenbaecker 
KB,  Olswold  C,  Cunningham  JM,  Slager  S,  Pankratz  VS,  Dicks  E,  Lakhani  SR,  Couch 
FJ,  Hall  P,  Monteiro  AN,  Gayther  SA,  Pharoah  PD,  Reddel  RR,  Goode  EL,  Greene  MH, 
Easton  DF,  Berchuck  A,  Antoniou  AC,  Chenevix-Trench  G,  Dunning  AM.  Multiple 
independent  variants  at  the  TERT  locus  are  associated  with  telomere  length  and  risks  of 
breast  and  ovarian  cancer.  Nat  Genet.  45(4):37 1-84,  2013.  PMC3670748. 

8.  Gaudet  MM,  Kuchenbaecker  KB,  Vijai  J,  Klein  RJ,  Kirchhoff  T,  McGuffog  L, 
Barrowdale  D,  Dunning  AM,  Lee  A,  Dennis  J,  Healey  S,  Dicks  E,  Soucy  P,  Sinilnikova 
OM,  Pankratz  VS,  Wang  X,  Eldridge  RC,  Tessier  DC,  Vincent  D,  Bacot  F,  Hogervorst 
FB,  Peock  S,  Stoppa-Lyonnet  D;  KConFab  Investigators,  Peterlongo  P,  Schmutzler  RK, 
Nathanson  KL,  Piedmonte  M,  Singer  CF,  Thomassen  M;  Ontario  Cancer  Genetics 
Network,  Hansen  TV,  Neuhausen  SL,  Blanco  I,  Greene  MH,  Garber  J,  Weitzel  JN, 
Andrulis  IL,  Goldgar  DE,  D’Andrea  E,  Caldes  T,  Nevanlinna  H,  Osorio  A,  van  Rensburg 
EJ,  Arason  A,  Rennert  G,  van  den  Ouweland  AM,  van  der  Hout  AH,  Kets  CM,  Aalfs 

CM,  Wijnen  JT,  Ausems  MG;  HEBON;  EMBRACE,  Frost  D,  Ellis  S,  Fineberg  E,  Platte 

R,  Evans  DG,  Jacobs  C,  Adlard  J,  Tischkowitz  M,  Porteous  ME,  Damiola  F;  GEMO 
Study  Collaborators,  Golmard  L,  Barjhoux  L,  Longy  M,  Belotti  M,  Ferrer  SF,  Mazoyer 

S,  Spurdle  AB,  Manoukian  S,  Barile  M,  Genuardi  M,  Arnold  N,  Meindl  A,  Sutter  C, 
Wappenschmidt  B,  Domchek  SM,  Pfeiler  G,  Friedman  E,  Jensen  UB,  Robson  M,  Shah 


18 


S,  Lazaro  C,  Mai  PL,  Benitez  J,  Southey  MC,  Schmidt  MK,  Fasching  PA,  Peto  J, 
Humphreys  MK,  Wang  Q,  Michailidou  K,  Sawyer  EJ,  Burwinkel  B,  Guenel  P,  Bojesen 
SE,  Milne  RL,  Brenner  H,  Lochmann  M;  GENICA  Network,  Aittomaki  K,  Dork  T, 
Margolin  S,  Mannermaa  A,  Lambrechts  D,  Chang-Claude  J,  Radice  P,  Giles  GG,  Haiman 
CA,  Winqvist  R,  Devillee  P,  Garcia-Closas  M,  Schoof  N,  Hooning  MJ,  Cox  A,  Pharoah 
PD,  Jakubowska  A,  Orr  N,  Gonzalez-Neira  A,  Pita  G,  Alonso  MR,  Hall  P,  Couch  FJ, 
Simard  J,  Altshuler  D,  Easton  DF,  Chenevix-Trench  G,  Antoniou  AC,  Offit  K. 
Identification  of  a  BRCA2-Specific  Modifier  Locus  at  6p24  Related  to  Breast  Cancer 
Risk.  PLoS  Genet.  9(3):e  1 003 1 73,  2013.  PMC3609647. 

9.  Couch  FJ,  Wang  X,  McGuffog  L,  Lee  A,  Olswold  C,  Kuchenbaecker  KB,  Soucy  P, 
Fredericksen  Z,  Barrowdale  D,  Dennis  J,  Gaudet  MM,  Dicks  E,  Kosel  M,  Healey  S, 
Sinilnikova  OM,  Lee  A,  Bacot  F,  Vincent  D,  Hogervorst  FB,  Peock  S,  Stoppa-Lyonnet 
D,  Jakubowska  A,  Investigators  K,  Radice  P,  Schmutzler  RK;  SWE-BRCA,  Domchek 
SM,  Piedmonte  M,  Singer  CF,  Friedman  E,  Thomassen  M;  Ontario  Cancer  Genetics 
Network,  Hansen  TV,  Neuhausen  SL,  Szabo  Cl,  Blanco  I,  Greene  MH,  Karlan  BY, 
Garber  J,  Phelan  CM,  Weitzel  JN,  Montagna  M,  Olah  E,  Andrulis  IL,  Godwin  AK, 
Yannoukakos  D,  Goldgar  DE,  Caldes  T,  Nevanlinna  H,  Osorio  A,  Terry  MB,  Daly  MB, 
van  Rensburg  EJ,  Hamann  U,  Ramus  SJ,  Ewart  Toland  A,  Caligo  MA,  Olopade  01,  Tung 
N,  Claes  K,  Beattie  MS,  Southey  MC,  Imyanitov  EN,  Tischkowitz  M,  Janavicius  R,  John 
EM,  Kwong  A,  Diez  O,  Balmana  J,  Barkardottir  RB,  Arun  BK,  Rennert  G,  Teo  SH,  Ganz 
PA,  Campbell  I,  van  der  Hout  AH,  van  Deurzen  CH,  Seynaeve  C,  Gomez  Garcia  EB,  van 
Leeuwen  FE,  Meijers-Heijboer  HE,  Gille  JJ,  Ausems  MG,  Blok  MJ,  Ligtenberg  MJ, 
Rookus  MA,  Devilee  P,  Verhoef  S,  van  Os  TA,  Wijnen  JT;  HEBON;  EMBRACE,  Frost 
D,  Ellis  S,  Fineberg  E,  Platte  R,  Evans  DG,  Izatt  L,  Eeles  RA,  Adlard  J,  Eccles  DM, 
Cook  J,  Brewer  C,  Douglas  F,  Hodgson  S,  Morrison  PJ,  Side  LE,  Donaldson  A, 
Houghton  C,  Rogers  MT,  Dorkins  H,  Eason  J,  Gregory  H,  McCann  E,  Murray  A, 
Calender  A,  Hardouin  A,  Berthet  P,  Delnatte  C,  Nogues  C,  Lasset  C,  Houdayer  C, 
Leroux  D,  Rouleau  E,  Prieur  F,  Damiola  F,  Sobol  H,  Coupler  I,  Venat-Bouvet  L,  Castera 
L,  Gauthier- Villars  M,  Leone  M,  Pujol  P,  Mazoyer  S,  Bignon  YJ;  GEMO  Study 
Collaborators,  Zlowocka-Perlowska  E,  Gronwald  J,  Lubinski  J,  Durda  K,  Jaworska  K, 
Huzarski  T,  Spurdle  AB,  Viel  A,  Peissel  B,  Bonanni  B,  Melloni  G,  Ottini  L,  Papi  L, 
Varesco  L,  Tibiletti  MG,  Peterlongo  P,  Volorio  S,  Manoukian  S,  Pensotti  V,  Arnold  N, 
Engel  C,  Deissler  H,  Gadzicki  D,  Gehrig  A,  Kast  K,  Rhiem  K,  Meindl  A,  Niederacher  D, 
Ditsch  N,  Plendl  H,  Preisler-Adams  S,  Engert  S,  Sutter  C,  Varon-Mateeva  R, 
Wappenschmidt  B,  Weber  BH,  Arver  B,  Stenmark-Askmalm  M,  Loman  N,  Rosenquist 

R,  Einbeigi  Z,  Nathanson  KL,  Rebbeck  TR,  Blank  SV,  Cohn  DE,  Rodriguez  GC,  Small 

L,  Friedlander  M,  Bae-Jump  VL,  Fink-Retter  A,  Rappaport  C,  Gschwantler-Kaulich  D, 
Pfeiler  G,  Tea  MK,  Lindor  NM,  Kaufman  B,  Shimon  Paluch  S,  Laitman  Y,  Skytte  AB, 
Gerdes  AM,  Pedersen  IS,  Moeller  ST,  Kruse  TA,  Jensen  UB,  Vijai  J,  Sarrel  K,  Robson 

M,  Kauff  N,  Mulligan  AM,  Glendon  G,  Ozcelik  H,  Ejlertsen  B,  Nielsen  FC,  Jonson  L, 
Andersen  MK,  Ding  YC,  Steele  L,  Foretova  L,  Teule  A,  Lazaro  C,  Brunet  J,  Pujana  MA, 
Mai  PL,  Loud  JT,  Walsh  C,  Lester  J,  Orsulic  S,  Narod  SA,  Herzog  J,  Sand  SR,  Tognazzo 

S,  Agata  S,  Vaszko  T,  Weaver  J,  Stavropoulou  AV,  Buys  SS,  Romero  A,  de  la  Hoya  M, 
Aittomaki  K,  Muranen  TA,  Duran  M,  Chung  WK,  Lasa  A,  Dorfling  CM,  Miron  A; 
BCFR,  Benitez  J,  Senter  L,  Huo  D,  Chan  SB,  Sokolenko  AP,  Chiquette  J,  Tihomirova  L, 


19 


Friebel  TM,  Agnarsson  BA,  Lu  KH,  Lejbkowicz  F,  James  PA,  Hall  P,  Dunning  AM, 
Tessier  D,  Cunningham  J,  Slager  SL,  Wang  C,  Hart  S,  Stevens  K,  Simard  J,  Pastinen  T, 
Pankratz  VS,  Offit  K,  Easton  DF,  Chenevix-Trench  G,  Antoniou  AC;  CIMBA.  Genome- 
Wide  Association  Study  in  BRCA1  Mutation  Carriers  Identifies  Novel  Loci  Associated 
with  Breast  and  Ovarian  Cancer  Risk.  PLoS  Genet.  9(3):e  1 0032 12,  2013.  PMC3609646. 

10.  Permuth-Wey  J,  Lawrenson  K,  Shen  HC,  Velkova  A,  Tyrer  JP,  Chen  Z,  Lin  HY,  Chen 
YA,  Tsai  YY,  Qu  X,  Ramus  SJ,  Karevan  R,  Lee  J,  Lee  N,  Larson  MC,  Aben  KK,  Anton- 
Culver  H,  Antonenkova  N,  Antoniou  AC,  Armasu  SM;  Australian  Cancer  Study; 
Australian  Ovarian  Cancer  Study,  Bacot  F,  Baglietto  L,  Bandera  EV,  Bamholtz-Sloan  J, 
Beckmann  MW,  Birrer  MJ,  Bloom  G,  Bogdanova  N,  Brinton  LA,  Brooks-Wilson  A, 
Brown  R,  Butzow  R,  Cai  Q,  Campbell  I,  Chang-Claude  J,  Chanock  S,  Chenevix-Trench 

G,  Cheng  JQ,  Cicek  MS,  Coetzee  GA;  Consortium  of  Investigators  of  Modifiers  of 
BRCA1/2,  Cook  LS,  Couch  FJ,  Cramer  DW,  Cunningham  JM,  Dansonka-Mieszkowska 
A,  Despierre  E,  Doherty  JA,  Dork  T,  du  Bois  A,  Durst  M,  Easton  DF,  Eccles  D,  Edwards 
R,  Ekici  AB,  Fasching  PA,  Fenstermacher  DA,  Flanagan  JM,  Garcia-Closas  M,  Gentry- 
Maharaj  A,  Giles  GG,  Glasspool  RM,  Gonzalez-Bosquet  J,  Goodman  MT,  Gore  M, 
Gorski  B,  Gronwald  J,  Hall  P,  Halle  MK,  Harter  P,  Heitz  F,  Hillemanns  P,  Hoatlin  M, 
Hogdall  CK,  Hogdall  E,  Hosono  S,  Jakubowska  A,  Jensen  A,  Jim  H,  Kalli  KR,  Karlan 
BY,  Kaye  SB,  Kelemen  LE,  Kiemeney  LA,  Kikkawa  F,  Konecny  GE,  Krakstad  C,  Kjaer 
SK,  Kupryjanczyk  J,  Lambrechts  D,  Lambrechts  S,  Lancaster  JM,  Le  ND,  Leminen  A, 
Levine  DA,  Liang  D,  Lim  BK,  Lin  J,  Lissowska  J,  Lu  KH,  Lubinski  J,  Lurie  G,  Massuger 
LF,  Matsuo  K,  McGuire  V,  McLaughlin  JR,  Menon  U,  Modugno  F,  Moysich  KB, 
Nakanishi  T,  Narod  SA,  Nedergaard  L,  Ness  RB,  Nevanlinna  H,  Nickels  S,  Noushmehr 

H,  Odunsi  K,  Olson  SH,  Orlow  I,  Paul  J,  Pearce  CL,  Pejovic  T,  Pelttari  LM,  Pike  MC, 
Poole  EM,  Raska  P,  Renner  SP,  Risch  HA,  Rodriguez-Rodriguez  L,  Rossing  MA, 
Rudolph  A,  Runnebaum  IB,  Rzepecka  IK,  Salvesen  HB,  Schwaab  I,  Severi  G,  Shridhar 
V,  Shu  XO,  Shvetsov  YB,  Sieh  W,  Song  H,  Southey  MC,  Spiewankiewicz  B,  Strain  D, 
Sutphen  R,  Teo  SH,  Terry  KL,  Tessier  DC,  Thompson  PJ,  Tworoger  SS,  van  Altena  AM, 
Vergote  I,  Vierkant  RA,  Vincent  D,  Vitonis  AF,  Wang-Gohrke  S,  Pahnieri  Weber  R, 
Wentzensen  N,  Whittemore  AS,  Wik  E,  Wilkens  LR,  Winterhoff  B,  Woo  YL,  Wu  AH, 
Xiang  YB,  Yang  HP,  Zheng  W,  Ziogas  A,  Zulkifli  F,  Phelan  CM,  Iversen  E,  Schildkraut 
JM,  Berchuck  A,  Fridley  BL,  Goode  EL,  Pharoah  PD,  Monteiro  AN,  Sellers  TA,  Gayther 
SA.  Identification  and  molecular  characterization  of  a  new  ovarian  cancer  susceptibility 
locus  at  1 7 q2 1.31.  Nat  Commun.  4:  1627,  2013.  PMC3709460. 

11.  Rudolph  A,  Hein  R,  Lindstrom  S,  Beckmann  L,  Behrens  S,  Liu  J,  Aschard  H,  Bolla  MK, 
Wang  J,  Truong  T,  Cordina-Duverger  E,  Menegaux  F,  Briining  T,  Harth  V;  GENICA 
Network,  Severi  G,  Baglietto  L,  Southey  M,  Chanock  SJ,  Lissowska  J,  Figueroa  JD, 
Eriksson  M,  Humpreys  K,  Darabi  H,  Olson  JE,  Stevens  KN,  Vachon  CM,  Knight  JA, 
Glendon  G,  Mulligan  AM,  Ashworth  A,  Orr  N,  Schoemaker  M,  Webb  PM;  kConFab 
Investigators;  AOCS  Management  Group,  Guenel  P,  Brauch  H,  Giles  G,  Garcia-Closas 
M,  Czene  K,  Chenevix-Trench  G,  Couch  FJ,  Andrulis  IL,  Swerdlow  A,  Hunter  DJ, 
Flesch-Janys  D,  Easton  DF,  Hall  P,  Nevanlinna  H,  Kraft  P,  Chang-Claude  J;  Breast 
Cancer  Association  Consortium.  Genetic  modifiers  of  menopausal  hormone  replacement 


20 


therapy  and  breast  cancer  risk:  a  genome-wide  interaction  study.  Endocr  Relat  Cancer. 
20(6):875-87,  2013.  PMC3863710. 

12.  Johnatty  SE,  Beesley  J,  Gao  B,  Chen  X,  Lu  Y,  Law  MH,  Henderson  MJ,  Russell  AJ, 
Hedditch  EL,  Emmanuel  C,  Fereday  S,  Webb  PM;  Australian  Ovarian  Cancer  Study 
Group,  Goode  EL,  Vierkant  RA,  Fridley  BL,  Cunningham  JM,  Fasching  PA,  Beckmann 
MW,  Ekici  AB,  Hogdall  E,  Kjaer  SK,  Jensen  A,  Hogdall  C,  Brown  R,  Paul  J,  Lambrechts 
S,  Despierre  E,  Vergote  I,  Lester  J,  Karlan  BY,  Heitz  F,  du  Bois  A,  Harter  P,  Schwaab  I, 
Bean  Y,  Pejovic  T,  Levine  DA,  Goodman  MT,  Carney  ME,  Thompson  PJ,  Lurie  G, 
Shildkraut  J,  Berchuck  A,  Terry  KL,  Cramer  DW,  Norris  MD,  Haber  M,  MacGregor  S, 
deFazio  A,  Chenevix-Trench  G.  ABCB1  (MDR1)  polymorphisms  and  ovarian  cancer 
progression  and  survival:  a  comprehensive  analysis  from  the  Ovarian  Cancer  Association 
Consortium  and  The  Cancer  Genome  Atlas.  Gynecol  Oncol.  13 1(1):8-14,  2013. 
PMC3795832. 

13.  Pooley  KA,  Bojesen  SE,  Weischer  M,  Nielsen  SF,  Thompson  D,  Amin  A1  Olama  A, 
Michailidou  K,  Tyrer  JP,  Benlloch  S,  Brown  J,  Audley  T,  Luben  R,  Khaw  KT,  Neal  DE, 
Hamdy  FC,  Donovan  JL,  Kote-Jarai  Z,  Baynes  C,  Shah  M,  Bolla  MK,  Wang  Q,  Dennis  J, 
Dicks  E,  Yang  R,  Rudolph  A,  Schildkraut  J,  Chang-Claude  J,  Burwinkel  B,  Chenevix- 
Trench  G,  Pharoah  PD,  Berchuck  A,  Eeles  RA,  Easton  DF,  Dunning  AM,  Nordestgaard 
BG.  A  genome -wide  association  scan  (GWAS)  for  mean  telomere  length  within  the 
COGS  project:  identified  loci  show  little  association  with  honnone-related  cancer  risk. 
Hum  Mol  Genet.  22(24):5056-64,  2013.  PMC3836481. 

14.  Meyer  KB,  O’Reilly  M,  Michailidou  K,  Carlebur  S,  Edwards  SL,  French  JD, 
Prathalingham  R,  Dennis  J,  Bolla  MK,  Wang  Q,  de  Santiago  I,  Hopper  JL,  Tsimiklis  H, 
Apicella  C,  Southey  MC,  Schmidt  MK,  Broeks  A,  Van 't  Veer  LJ,  Hogervorst  FB,  Muir 

K,  Lophatananon  A,  Stewart-Brown  S,  Siriwanarangsan  P,  Fasching  PA,  Lux  MP,  Ekici 

AB,  Beckmann  MW,  Peto  J,  Dos  Santos  Silva  I,  Fletcher  O,  Johnson  N,  Sawyer  EJ, 
Tomlinson  I,  Kerin  MJ,  Miller  N,  Manne  F,  Schneeweiss  A,  Sohn  C,  Burwinkel  B, 
Guenel  P,  Truong  T,  Laurent-Puig  P,  Menegaux  F,  Bojesen  SE,  Nordestgaard  BG, 
Nielsen  SF,  Flyger  H,  Milne  RL,  Zamora  MP,  Arias  JI,  Benitez  J,  Neuhausen  S,  Anton- 
Culver  H,  Ziogas  A,  Dur  CC,  Brenner  H,  Muller  H,  Amdt  V,  Stegmaier  C,  Meindl  A, 
Schmutzler  RK,  Engel  C,  Ditsch  N,  Brauch  H,  Bruning  T,  Ko  YD;  GENICA  Network, 
Nevanlinna  H,  Muranen  TA,  Aittomaki  K,  Blomqvist  C,  Matsuo  K,  Ito  H,  Iwata  H, 
Yatabe  Y,  Dork  T,  Helbig  S,  Bogdanova  NV,  Lindblom  A,  Margolin  S,  Mannermaa  A, 
Kataja  V,  Kosma  VM,  Hartikainen  JM,  Chenevix-Trench  G;  kConFab  Investigators; 
Australian  Ovarian  Cancer  Study  Group,  Wu  AH,  Tseng  CC,  Van  Den  Berg  D,  Stram 
DO,  Lambrechts  D,  Thienpont  B,  Christiaens  MR,  Smeets  A,  Chang-Claude  J,  Rudolph 
A,  Seibold  P,  Flesch-Janys  D,  Radice  P,  Peterlongo  P,  Bonanni  B,  Bernard  L,  Couch  FJ, 
Olson  JE,  Wang  X,  Purrington  K,  Giles  GG,  Severi  G,  Baglietto  L,  McLean  C,  Haiman 
CA,  Henderson  BE,  Schumacher  F,  Le  Marchand  L,  Simard  J,  Goldberg  MS,  Labreche  F, 
Dumont  M,  Teo  SH,  Yip  CH,  Phuah  SY,  Kristensen  V,  Grenaker  Alnses  G,  Borresen- 
Dale  AL,  Zheng  W,  Deming-Halverson  S,  Shrubsole  M,  Long  J,  Winqvist  R,  Pylkas  K, 


21 


Jukkola-Vuorinen  A,  Kauppila  S,  Andrulis  IL,  Knight  JA,  Glendon  G,  Tchatchou  S, 
Devilee  P,  Tollenaar  RA,  Seynaeve  CM,  Garcia-Closas  M,  Figueroa  J,  Chanock  SJ, 
Lissowska  J,  Czene  K,  Darabi  H,  Eriksson  K,  Hooning  MJ,  Martens  JW,  van  den 
Ouweland  AM,  van  Deurzen  CH,  Hall  P,  Li  J,  Liu  J,  Humphreys  K,  Shu  XO,  Lu  W,  Gao 
YT,  Cai  H,  Cox  A,  Reed  MW,  Blot  W,  Signorello  LB,  Cai  Q,  Pharoah  PD,  Ghoussaini 
M,  Harrington  P,  Tyrer  J,  Kang  D,  Choi  JY,  Park  SK,  Noh  DY,  Hartman  M,  Hui  M,  Lim 
WY,  Buhari  SA,  Hamann  U,  Forsti  A,  Rudiger  T,  Ulmer  HU,  Jakubowska  A,  Lubinski  J, 
Jaworska  K,  Durda  K,  Sangrajrang  S,  Gaborieau  V,  Brennan  P,  McKay  J,  Vachon  C, 
Slager  S,  Fostira  F,  Pilarski  R,  Shen  CY,  Hsiung  CN,  Wu  PE,  Hou  MF,  Swerdlow  A, 
Ashworth  A,  Orr  N,  Schoemaker  MJ,  Ponder  BA,  Dunning  AM,  Easton  DF.  Fine-scale 
mapping  of  the  FGFR2  breast  cancer  risk  locus:  putative  functional  variants 
differentially  bind  FOXA1  and  E2F1.  Am  J  Hum  Genet.  93(6):  1046-60,  2013. 
PMC3852923. 

15.  Charbonneau  B,  Moysich  KB,  Kalli  KR,  Oberg  AL,  Vierkant  RA,  Fogarty  ZC,  Block 
MS,  Maurer  MJ,  Goergen  KM,  Fridley  BL,  Cunningham  JM,  Rider  DN,  Preston  C, 
Hartmann  LC,  Lawrenson  K,  Wang  C,  Tyrer  J,  Song  H,  deFazio  A,  Johnatty  SE,  Doherty 
JA,  Phelan  CM,  Sellers  TA,  Ramirez  SM,  Vitonis  AF,  Terry  KL,  Van  Den  Berg  D,  Pike 
MC,  Wu  AH,  Berchuck  A,  Gentry-Maharaj  A,  Ramus  SJ,  Diergaarde  B,  Shen  H,  Jensen 
A,  Menkiszak  J,  Cybulski  C,  Lubilski  J,  Ziogas  A,  Rothstein  JH,  McGuire  V,  Sieh  W, 
Lester  J,  Walsh  C,  Vergote  I,  Lambrechts  S,  Despierre  E,  Garcia-Closas  M,  Yang  H, 
Brinton  LA,  Spiewankiewicz  B,  Rzepecka  IK,  Dansonka-Mieszkowska  A,  Seibold  P, 
Rudolph  A,  Paddock  LE,  Orlow  I,  Lundvall  L,  Olson  SH,  Hogdall  CK,  Schwaab  I,  du 
Bois  A,  Harter  P,  Flanagan  JM,  Brown  R,  Paul  J,  Ekici  AB,  Beckmann  MW,  Hein  A, 
Eccles  D,  Lurie  G,  Hays  LE,  Bean  YT,  Pejovic  T,  Goodman  MT,  Campbell  I,  Fasching 
PA,  Konecny  G,  Kaye  SB,  Heitz  F,  Hogdall  E,  Bandera  EV,  Chang-Claude  J, 
Kupryjanczyk  J,  Wentzensen  N,  Lambrechts  D,  Karlan  BY,  Whittemore  AS,  Culver  HA, 
Gronwald  J,  Levine  DA,  Kjaer  SK,  Menon  U,  Schildkraut  JM,  Pearce  CL,  Cramer  DW, 
Rossing  MA,  Chenevix-Trench  G;  AOCS  group;  ACS,  Pharoah  PD,  Gayther  SA,  Ness 
RB,  Odunsi  K,  Sucheston  LE,  Knutson  KL,  Goode  EL.  Large-scale  evaluation  of 
common  variation  in  regulatory  T  cell-related  genes  and  ovarian  cancer  outcome.  Cancer 
Immunol  Res.  2(4):332-40,  2014.  PMC4000890. 

16.  Block  MS,  Charbonneau  B,  Vierkant  RA,  Fogarty  Z,  Bamlet  WR,  Pharoah  PD;  Georgia 
Chenevix-Trench;  for  AOCS;  /ACS  Group,  Rossing  MA,  Cramer  D,  Pearce  CL, 
Schildkraut  J,  Menon  U,  Kjaer  SK,  Levine  DA,  Gronwald  J,  Culver  HA,  Whittemore  AS, 
Karlan  BY,  Lambrechts  D,  Wentzensen  N,  Kupryjanczyk  J,  Chang-Claude  J,  Bandera 
EV,  Hogdall  E,  Heitz  F,  Kaye  SB,  Fasching  PA,  Campbell  I,  Goodman  MT,  Pejovic  T, 
Bean  YT,  Hays  LE,  Lurie  G,  Eccles  D,  Hein  A,  Beckmann  MW,  Ekici  AB,  Paul  J, 
Brown  R,  Flanagan  JM,  Harter  P,  du  Bois  A,  Schwaab  I,  Hogdall  CK,  Lundvall  L,  Olson 
SH,  Orlow  I,  Paddock  LE,  Rudolph  A,  Eilber  U,  Dansonka-Mieszkowska  A,  Rzepecka 
IK,  Ziolkowska-Seta  I,  Brinton  LA,  Yang  H,  Garcia-Closas  M,  Despierre  E,  Lambrechts 
S,  Vergote  I,  Walsh  CS,  Lester  J,  Sieh  W,  McGuire  V,  Rothstein  JH,  Ziogas  A,  Lubinski 
J,  Cybulski  C,  Menkiszak  J,  Jensen  A,  Gayther  SA,  Ramus  SJ,  Gentry-Maharaj  A, 
Berchuck  A,  Wu  AH,  Pike  MC,  Van  Den  Berg  D,  Terry  KL,  Vitonis  AF,  Ramirez  SM, 


22 


Rider  DN,  Knutson  KL,  Sellers  TA,  Phelan  CM,  Doherty  JA,  Johnatty  SE,  deFazio  A, 
Song  H,  Tyrer  J,  Kalli  KR,  Fridley  BL,  Cunningham  JM,  Goode  EL.  Variation  in  NF-kB 
signaling  pathways  and  survival  in  invasive  epithelial  ovarian  cancer.  Cancer  Epidemiol 
Biomarkers  Prev.  23(7):  142 1  -7,  2014.  PMC4082406. 

17.  Li  J,  Lindstrom  LS,  Foo  JN,  Rafiq  S,  Schmidt  MK,  Pharoah  PD,  Michailidou  K,  Dennis 
J,  Bolla  MK,  Wang  Q,  Van 't  Veer  LJ,  Cornelissen  S,  Rutgers  E,  Southey  MC,  Apicella 
C,  Dite  GS,  Hopper  JL,  Fasching  PA,  Haeberle  L,  Ekici  AB,  Beckmann  MW,  Blomqvist 
C,  Muranen  TA,  Aittomaki  K,  Lindblom  A,  Margolin  S,  Mannermaa  A,  Kosma  VM, 
Hartikainen  JM,  Kataja  V,  Chenevix-Trench  G;  kConFab  Investigators,  Phillips  KA, 
McLachlan  SA,  Lambrechts  D,  Thienpont  B,  Smeets  A,  Wildiers  H,  Chang-Claude  J, 
Flesch-Janys  D,  Seibold  P,  Rudolph  A,  Giles  GG,  Baglietto  L,  Severi  G,  Haiman  CA, 
Henderson  BE,  Schumacher  F,  Le  Marchand  L,  Kristensen  V,  Alnses  GI,  Borresen-Dale 
AL,  Nord  S,  Winqvist  R,  Pylkas  K,  Jukkola-Vuorinen  A,  Grip  M,  Andrulis  IL,  Knight 
JA,  Glendon  G,  Tchatchou  S,  Devilee  P,  Tollenaar  R,  Seynaeve  C,  Hooning  M,  Kriege 
M,  Hollestelle  A,  van  den  Ouweland  A,  Li  Y,  Hamann  U,  Torres  D,  Ulmer  HU,  Rudiger 
T,  Shen  CY,  Hsiung  CN,  Wu  PE,  Chen  ST,  Teo  SH,  Taib  NA,  Har  Yip  C,  Fuang  Ho  G, 
Matsuo  K,  Ito  H,  Iwata  H,  Tajima  K,  Kang  D,  Choi  JY,  Park  SK,  Yoo  KY,  Maishman  T, 
Tapper  WJ,  Dunning  A,  Shah  M,  Luben  R,  Brown  J,  Khor  CC,  Eccles  DM,  Nevanlinna 
H,  Easton  D,  Humphreys  K,  Liu  J,  Hall  P,  Czene  K.  2q36.3  is  associated  with  prognosis 
for  oestrogen  receptor-negative  breast  cancer  patients  treated  with  chemotherapy.  Nat 
Cornmun.  5:4051,  2014.  PMC4082638. 

18.  Perry  JR,  Hsu  YH,  Chasman  DI,  Johnson  AD,  Elks  C,  Albrecht  E,  Andrulis  IL,  Beesley 
J,  Berenson  GS,  Bergmann  S,  Bojesen  SE,  Bolla  MK,  Brown  J,  Buring  JE,  Campbell  H, 
Chang-Claude  J,  Chenevix-Trench  G,  Corre  T,  Couch  FJ,  Cox  A,  Czene  K,  D’adamo  AP, 
Davies  G,  Deary  IJ,  Dennis  J,  Easton  DF,  Engelhardt  EG,  Eriksson  JG,  Esko  T,  Fasching 
PA,  Figueroa  JD,  Flyger  H,  Fraser  A,  Garcia-Closas  M,  Gasparini  P,  Gieger  C,  Giles  G, 
Guenel  P,  Hagg  S,  Hall  P,  Hayward  C,  Hopper  J,  Ingelsson  E;  kConFab  investigators, 
Kardia  SL,  Kasiman  K,  Knight  JA,  Lahti  J,  Lawlor  DA,  Magnusson  PK,  Margolin  S, 
Marsh  JA,  Metspalu  A,  Olson  JE,  Pennell  CE,  Polasek  O,  Rahman  I,  Ridker  PM,  Robino 
A,  Rudan  I,  Rudolph  A,  Salumets  A,  Schmidt  MK,  Schoemaker  MJ,  Smith  EN,  Smith 
JA,  Southey  M,  Stockl  D,  Swerdlow  AJ,  Thompson  DJ,  Truong  T,  Ulivi  S,  Waldenberger 
M,  Wang  Q,  Wild  S,  Wilson  JF,  Wright  AF,  Zgaga  L,  Consortium  R,  Ong  KK,  Murabito 
JM,  Karasik  D,  Murray  A.  DNA  mismatch  repair  gene  MSH6  implicated  in  determining 
age  at  natural  menopause.  Hum  Mol  Genet.  23(9)2490-7,  2014.  PMC3976329. 

19.  Osorio  A,  Milne  RL,  Kuchenbaecker  K,  Vaclova  T,  Pita  G,  Alonso  R,  Peterlongo  P, 
Blanco  I,  de  la  Hoya  M,  Duran  M,  Diez  O,  Ramon  Y  Cajal  T,  Konstantopoulou  I, 
Martinez-Bouzas  C,  Andres  Conejero  R,  Soucy  P,  McGuffog  L,  Barrowdale  D,  Lee  A, 
Swe-Brca,  Arver  B,  Rantala  J,  Loman  N,  Ehrencrona  H,  Olopade  OI,  Beattie  MS, 
Domchek  SM,  Nathanson  K,  Rebbeck  TR,  Arun  BK,  Karlan  BY,  Walsh  C,  Lester  J,  John 
EM,  Whittemore  AS,  Daly  MB,  Southey  M,  Hopper  J,  Terry  MB,  Buys  SS,  Janavicius  R, 
Dorfling  CM,  van  Rensburg  EJ,  Steele  L,  Neuhausen  SL,  Ding  YC,  Hansen  TV,  Jonson 
L,  Ejlertsen  B,  Gerdes  AM,  Infante  M,  Herraez  B,  Moreno  LT,  Weitzel  JN,  Herzog  J, 
Weeman  K,  Manoukian  S,  Peissel  B,  Zaffaroni  D,  Scuvera  G,  Bonanni  B,  Mariette  F, 


23 


Volorio  S,  Viel  A,  Varesco  L,  Papi  L,  Ottini  L,  Tibiletti  MG,  Radice  P,  Yannoukakos  D, 
Garber  J,  Ellis  S,  Frost  D,  Platte  R,  Fineberg  E,  Evans  G,  Lalloo  F,  Izatt  L,  Eeles  R, 
Adlard  J,  Davidson  R,  Cole  T,  Eccles  D,  Cook  J,  Hodgson  S,  Brewer  C,  Tischkowitz  M, 
Douglas  F,  Porteous  M,  Side  L,  Walker  L,  Morrison  P,  Donaldson  A,  Kennedy  J,  Foo  C, 
Godwin  AK,  Schmutzler  RK,  Wappenschmidt  B,  Rhiem  K,  Engel  C,  Meindl  A,  Ditsch 
N,  Arnold  N,  Plendl  HJ,  Niederacher  D,  Sutter  C,  Wang-Gohrke  S,  Steinemann  D, 
Preisler-Adams  S,  Kast  K,  Varon-Mateeva  R,  Gehrig  A,  Stoppa-Lyonnet  D,  Sinilnikova 
OM,  Mazoyer  S,  Damiola  F,  Poppe  B,  Claes  K,  Piedmonte  M,  Tucker  K,  Backes  F, 
Rodriguez  G,  Brewster  W,  Wakeley  K,  Rutherford  T,  Caldes  T,  Nevanlinna  H,  Aittomaki 
K,  Rookus  MA,  van  Os  TA,  van  der  Kolk  L,  de  Lange  JL,  Meijers-Heijboer  HE,  van  der 
Hout  AH,  van  Asperen  CJ,  Gomez  Garcia  EB,  Hoogerbrugge  N,  Collee  JM,  van 
Deurzen  CH,  van  der  Luijt  RB,  Devilee  P,  Hebon,  Olah  E,  Lazaro  C,  Teule  A,  Menendez 
M,  Jakubowska  A,  Cybulski  C,  Gronwald  J,  Lubinski  J,  Durda  K,  Jaworska-Bieniek  K, 
Johannsson  OT,  Maugard  C,  Montagna  M,  Tognazzo  S,  Teixeira  MR,  Healey  S, 
Investigators  K,  Olswold  C,  Guidugli  L,  Lindor  N,  Slager  S,  Szabo  Cl,  Vijai  J,  Robson 
M,  Kauff  N,  Zhang  L,  Rau-Murthy  R,  Fink-Retter  A,  Singer  CF,  Rappaport  C, 
Geschwantler  Kaulich  D,  Pfeiler  G,  Tea  MK,  Berger  A,  Phelan  CM,  Greene  MH,  Mai 
PL,  Lejbkowicz  F,  Andrulis  I,  Mulligan  AM,  Glendon  G,  Toland  AE,  Bojesen  A, 
Pedersen  IS,  Sunde  L,  Thomassen  M,  Kruse  TA,  Jensen  UB,  Friedman  E,  Laitman  Y, 
Shimon  SP,  Simard  J,  Easton  DF,  Offit  K,  Couch  FJ,  Chenevix-Trench  G,  Antoniou  AC, 
Benitez  J.  DNA  Glycosylases  Involved  in  Base  Excision  Repair  May  Be  Associated  with 
Cancer  Risk  in  BRCA1  and  BRCA2  Mutation  Carriers.  PLoS  Genet.  10(4):e  1004256, 
2014.  PMC3974638. 

20.  Couch  FJ,  Nathanson  KL,  Offit  K.  Two  decades  after  BRCA:  setting  paradigms  in 
personalized  cancer  care  and  prevention.  Science.  343(6178):  1466-70,  2014. 
PMC4074902. 

21.  Purrington  KS,  Slettedahl  S,  Bolla  MK,  Michailidou  K,  Czene  K,  Nevanlinna  H,  Bojesen 
SE,  Andrulis  IL,  Cox  A,  Hall  P,  Carpenter  J,  Yannoukakos  D,  Haiman  CA,  Fasching  PA, 
Mannermaa  A,  Winqvist  R,  Brenner  H,  Lindblom  A,  Chenevix-Trench  G,  Benitez  J, 
Swerdlow  A,  Kristensen  V,  Guenel  P,  Meindl  A,  Darabi  H,  Eriksson  M,  Fagerhohn  R, 
Aittomaki  K,  Blomqvist  C,  Nordestgaard  BG,  Nielsen  SF,  Flyger  H,  Wang  X,  Olswold 
C,  Olson  JE,  Mulligan  AM,  Knight  JA,  Tchatchou  S,  Reed  MW,  Cross  SS,  Liu  J,  Li  J, 
Humphreys  K,  Clarke  C,  Scott  R;  ABCTB  Investigators,  Fostira  F,  Fountzilas  G, 
Konstantopoulou  I,  Henderson  BE,  Schumacher  F,  Le  Marchand  L,  Ekici  AB,  Hartmann 
A,  Beckmann  MW,  Hartikainen  JM,  Kosma  VM,  Kataja  V,  Jukkola-Vuorinen  A,  Pylkas 
K,  Kauppila  S,  Dieffenbach  AK,  Stegmaier  C,  Amdt  V,  Margolin  S;  Australian  Ovarian 
Cancer  Study  Group;  kConFab  Investigators,  Balleine  R,  Arias  Perez  JI,  Pilar  Zamora  M, 
Menendez  P,  Ashworth  A,  Jones  M,  Orr  N,  Arveux  P,  Kerbrat  P,  Truong  T,  Bugert  P, 
Toland  AE,  Ambrosone  CB,  Labreche  F,  Goldberg  MS,  Dumont  M,  Ziogas  A,  Lee  E, 
Dite  GS,  Apicella  C,  Southey  MC,  Long  J,  Shrubsole  M,  Deming-Halverson  S,  Ficarazzi 
F,  Barile  M,  Peterlongo  P,  Durda  K,  Jaworska-Bieniek  K,  Tollenaar  RA,  Seynaeve  C; 
The  GENICA  Network,  Briining  T,  Ko  YD,  Van  Deurzen  CH,  Martens  JW,  Kriege  M, 
Figueroa  JD,  Chanock  SJ,  Lissowska  J,  Tomlinson  I,  Kerin  MJ,  Miller  N,  Schneeweiss 
A,  Tapper  WJ,  Gerty  SM,  Durcan  L,  Mclean  C,  Milne  RL,  Baglietto  L,  Dos  Santos  Silva 


24 


I,  Fletcher  O,  Johnson  N,  Van’T  Veer  LJ,  Cornelissen  S,  Forsti  A,  Torres  D,  Rudiger  T, 
Rudolph  A,  Flesch-Janys  D,  Nickels  S,  Weltens  C,  Floris  G,  Moisse  M,  Dennis  J,  Wang 

Q,  Dunning  AM,  Shah  M,  Brown  J,  Simard  J,  Anton-Culver  H,  Neuhausen  SL,  Hopper 

JL,  Bogdanova  N,  Dork  T,  Zheng  W,  Radice  P,  Jakubowska  A,  Lubinski  J,  Devillee  P, 
Brauch  H,  Hooning  M,  Garcla-Closas  M,  Sawyer  E,  Burwinkel  B,  Mannee  F,  Eccles 
DM,  Giles  GG,  Peto  J,  Schmidt  M,  Broeks  A,  Hamann  U,  Chang-Claude  J,  Lambrechts 
D,  Pharoah  PD,  Easton  D,  Pankratz  VS,  Slager  S,  Vachon  CM,  Couch  FJ.  Genetic 
variation  in  mitotic  regulatory  pathway  genes  is  associated  with  breast  tumor  grade.  Hum 
Mol  Genet.  23(22):6034-46,  2014.  PMC4204763. 

22.  Milne  RL,  Burwinkel  B,  Michailidou  K,  Arias-Perez  JI,  Zamora  MP,  Menendez- 
Rodriguez  P,  Hardisson  D,  Mendiola  M,  Gonzalez-Neira  A,  Pita  G,  Alonso  MR,  Dennis 

J,  Wang  Q,  Bolla  MK,  Swerdlow  A,  Ashworth  A,  Orr  N,  Schoemaker  M,  Ko  YD,  Brauch 
H,  Hamann  U;  The  GENICA  Network,  Andrulis  IL,  Knight  JA,  Glendon  G,  Tchatchou  S, 
Investigators  K;  Australian  Ovarian  Cancer  Study  Group,  Matsuo  K,  Ito  H,  Iwata  H, 
Tajima  K,  Li  J,  Brand  JS,  Brenner  H,  Dieffenbach  AK,  Amdt  V,  Stegmaier  C, 
Lambrechts  D,  Peuteman  G,  Christiaens  MR,  Smeets  A,  Jakubowska  A,  Lubinski  J, 
Jaworska-Bieniek  K,  Durda  K,  Hartman  M,  Hui  M,  Lim  WY,  Chan  CW,  Marine  F,  Yang 

R,  Bugert  P,  Lindblom  A,  Margolin  S,  Garcia-Closas  M,  Chanock  SJ,  Lissowska  J, 
Figueroa  JD,  Bojesen  SE,  Nordestgaard  BG,  Flyger  H,  Hooning  MJ,  Kriege  M,  van  den 
Ouweland  AM,  Koppert  LB,  Fletcher  O,  Johnson  N,  Dos-Santos-Silva  I,  Peto  J,  Zheng 
W,  Deming-Halverson  S,  Shrubsole  MJ,  Long  J,  Chang-Claude  J,  Rudolph  A,  Seibold  P, 
Flesch-Janys  D,  Winqvist  R,  Pylkas  K,  Jukkola-Vuorinen  A,  Grip  M,  Cox  A,  Cross  SS, 
Reed  MW,  Schmidt  MK,  Broeks  A,  Cornelissen  S,  Braaf  L,  Kang  D,  Choi  JY,  Park  SK, 
Noh  DY,  Simard  J,  Dumont  M,  Goldberg  MS,  Labreche  F,  Fasching  PA,  Hein  A,  Ekici 
AB,  Beckmann  MW,  Radice  P,  Peterlongo  P,  Azzollini  J,  Barile  M,  Sawyer  E, 
Tomlinson  I,  Kerin  M,  Miller  N,  Hopper  JL,  Schmidt  DF,  Makalic  E,  Southey  MC,  Teo 
SH,  Yip  CH,  Sivanandan  K,  Tay  WT,  Shen  CY,  Hsiung  CN,  Yu  JC,  Hou  MF,  Guenel  P, 
Truong  T,  Sanchez  M,  Mulot  C,  Blot  W,  Cai  Q,  Nevanlinna  H,  Muranen  TA,  Aittomaki 

K,  Blomqvist  C,  Wu  AH,  Tseng  CC,  Van  Den  Berg  D,  Stram  DO,  Bogdanova  N,  Dork  T, 
Muir  K,  Lophatananon  A,  Stewart-Brown  S,  Siriwanarangsan  P,  Mannermaa  A,  Kataja 
V,  Kosma  VM,  Hartikainen  JM,  Shu  XO,  Lu  W,  Gao  YT,  Zhang  B,  Couch  FJ,  Toland 
AE;  TNBCC,  Yannoukakos  D,  Sangrajrang  S,  McKay  J,  Wang  X,  Olson  JE,  Vachon  C, 
Purrington  K,  Severi  G,  Baglietto  L,  Haiman  CA,  Henderson  BE,  Schumacher  F,  Le 
Marchand  L,  Devilee  P,  Tollenaar  RA,  Seynaeve  C,  Czene  K,  Eriksson  M,  Humphreys 
K,  Darabi  H,  Ahmed  S,  Shah  M,  Pharoah  PD,  Hall  P,  Giles  GG,  Benitez  J,  Dunning  AM, 
Chenevix-Trench  G,  Easton  DF.  Common  non- synonymous  SNPs  associated  with  breast 
cancer  susceptibility:  findings  from  the  Breast  Cancer  Association  Consortium.  Hum  Mol 
Genet.  23(22):6096-l  1 1,  2014.  PMC4204770. 

23.  Lindstrom  S,  Thompson  DJ,  Paterson  AD,  Li  J,  Gierach  GL,  Scott  C,  Stone  J,  Douglas 
JA,  Dos-Santos-Silva  I,  Fernandez-Navarro  P,  Verghase  J,  Smith  P,  Brown  J,  Luben  R, 
Wareham  NJ,  Loos  RJ,  Heit  JA,  Shane  Pankratz  V,  Norman  A,  Goode  EL,  Cunningham 

JM,  deAndrade  M,  Vierkant  RA,  Czene  K,  Fasching  PA,  Baglietto  L,  Southey  MC,  Giles 
GG,  Shah  KP,  Chan  HP,  Helvie  MA,  Beck  AH,  Knoblauch  NW,  Hazra  A,  Hunter  DJ, 
Kraft  P,  Pollan  M,  Figueroa  JD,  Couch  FJ,  Hopper  JL,  Hall  P,  Easton  DF,  Boyd  NF, 


25 


Vachon  CM,  Tamimi  RM.  Genome -wide  association  study  identities  multiple  loci 
associated  with  both  mammographic  density  and  breast  cancer  risk.  Nat  Commun. 
5:5303,2014.  PMC4320806. 

24.  Kuchenbaecker  KB,  Neuhausen  SL,  Robson  M,  Barrowdale  D,  McGuffog  L,  Mulligan 
AM,  Andrubs  IL,  Spurdle  AB,  Schmidt  MK,  Schmutzler  RK,  Engel  C,  Wappenschmidt 
B,  Nevanlinna  H,  Thomassen  M,  Southey  M,  Radice  P,  Ramus  SJ,  Domchek  SM, 
Nathanson  KL,  Lee  A,  Healey  S,  Nussbaum  RL,  Rebbeck  TR,  Arun  BK,  James  P,  Karlan 
BY,  Lester  J,  Cass  I;  Breast  Cancer  Family  Registry,  Terry  MB,  Daly  MB,  Goldgar  DE, 
Buys  SS,  Janavicius  R,  Tihomirova  L,  Tung  N,  Dorfling  CM,  van  Rensburg  EJ,  Steele  L, 
v  O  Hansen  T,  Ejlertsen  B,  Gerdes  AM,  Nielsen  FC,  Dennis  J,  Cunningham  J,  Hart  S, 
Slager  S,  Osorio  A,  Benitez  J,  Duran  M,  Weitzel  JN,  Tafur  I,  Hander  M,  Peterlongo  P, 
Manoukian  S,  Peissel  B,  Roversi  G,  Scuvera  G,  Bonanni  B,  Mariani  P,  Volorio  S, 
Dolcetti  R,  Varesco  L,  Papi  L,  Tibiletti  MG,  Giannini  G,  Fostira  F,  Konstantopoulou  I, 
Garber  J,  Hamann  U,  Donaldson  A,  Brewer  C,  Foo  C,  Evans  DG,  Frost  D,  Eccles  D; 
EMBRACE  Study,  Douglas  F,  Brady  A,  Cook  J,  Tischkowitz  M,  Adlard  J,  Barwell  J, 
Ong  KR,  Walker  L,  Izatt  L,  Side  LE,  Kennedy  MJ,  Rogers  MT,  Porteous  ME,  Morrison 
PJ,  Platte  R,  Eeles  R,  Davidson  R,  Hodgson  S,  Ellis  S,  Godwin  AK,  Rhiem  K,  Meindl  A, 
Ditsch  N,  Arnold  N,  Plendl  H,  Niederacher  D,  Sutter  C,  Steinemann  D,  Bogdanova- 
Markov  N,  Kast  K,  Varon-Mateeva  R,  Wang-Gohrke  S,  Gehrig  A,  Markiefka  B,  Buecher 
B,  Lefol  C,  Stoppa-Lyonnet  D,  Rouleau  E,  Prieur  F,  Damiola  F;  GEMO  Study 
Collaborators,  Barjhoux  L,  Faivre  L,  Longy  M,  Sevenet  N,  Sinilnikova  OM,  Mazoyer  S, 
Bonadona  V,  Caux-Moncoutier  V,  Isaacs  C,  Van  Maerken  T,  Claes  K,  Piedmonte  M, 
Andrews  L,  Hays  J,  Rodriguez  GC,  Caldes  T,  de  la  Hoya  M,  Khan  S,  Hogervorst  FB, 
Aalfs  CM,  de  Lange  JL,  Meijers-Heijboer  HE,  van  der  Hout  AH,  Wijnen  JT,  van 
Roozendaal  KE,  Mensenkamp  AR,  van  den  Ouweland  AM,  van  Deurzen  CH,  van  der 
Luijt  RB;  HEBON,  Olah  E,  Diez  O,  Lazaro  C,  Blanco  I,  Teule  A,  Menendez  M, 
Jakubowska  A,  Lubinski  J,  Cybulski  C,  Gronwald  J,  Jaworska-Bieniek  K,  Durda  K, 
Arason  A,  Maugard  C,  Soucy  P,  Montagna  M,  Agata  S,  Teixeira  MR;  KConFab 
Investigators,  Olswold  C,  Lindor  N,  Pankratz  VS,  Hallberg  E,  Wang  X,  Szabo  Cl,  Vijai  J, 
Jacobs  L,  Corines  M,  Lincoln  A,  Berger  A,  Fink-Retter  A,  Singer  CF,  Rappaport  C, 
Kaulich  DG,  Pfeiler  G,  Tea  MK,  Phelan  CM,  Mai  PL,  Greene  MH,  Rennert  G,  Imyanitov 
EN,  Glendon  G,  Toland  AE,  Bojesen  A,  Pedersen  IS,  Jensen  UB,  Caligo  MA,  Friedman 
E,  Berger  R,  Laitman  Y,  Rantala  J,  Arver  B,  Loman  N,  Borg  A,  Ehrencrona  H,  Olopade 
01,  Simard  J,  Easton  DF,  Chenevix-Trench  G,  Offit  K,  Couch  FJ,  Antoniou  AC;  CIMBA. 
Associations  of  common  breast  cancer  susceptibility  alleles  with  risk  of  breast  cancer 
subtypes  in  BRCA1  and  BRCA2  mutation  carriers.  Breast  Cancer  Res.  16(6):3416,  2014. 
PMC4406179. 

25.  Agarwal  D,  Pineda  S,  Michailidou  K,  Herranz  J,  Pita  G,  Moreno  LT,  Alonso  MR,  Dennis 
J,  Wang  Q,  Bolla  MK,  Meyer  KB,  Menendez-Rodriguez  P,  Hardisson  D,  Mendiola  M, 
Gonzalez-Neira  A,  Lindblom  A,  Margolin  S,  Swerdlow  A,  Ashworth  A,  Orr  N,  Jones  M, 
Matsuo  K,  Ito  H,  Iwata  H,  Kondo  N;  kConFab  Investigators;  Australian  Ovarian  Cancer 
Study  Group,  Hartman  M,  Hui  M,  Lim  WY,  Iau  PT,  Sawyer  E,  Tomlinson  I,  Kerin  M, 
Miller  N,  Kang  D,  Choi  J-,  Park  SK,  Noh  D-,  Hopper  JL,  Schmidt  DF,  Makalic  E, 
Southey  MC,  Teo  SH,  Yip  CH,  Sivanandan  K,  Tay  W-,  Brauch  H,  Bruning  T,  Hamann 


26 


U;  GENICA  Network,  Dunning  AM,  Shah  M,  Andrulis  IL,  Knight  JA,  Glendon  G, 
Tchatchou  S,  Schmidt  MK,  Broeks  A,  Rosenberg  EH,  van't  Veer  LJ,  Fasching  PA, 
Renner  SP,  Ekici  AB,  Beckmann  MW,  Shen  C-,  Hsiung  C-,  Yu  J-,  Hou  M-,  Blot  W,  Cai 

Q,  Wu  AH,  Tseng  C-,  Van  Den  Berg  D,  Strain  DO,  Cox  A,  Brock  IW,  Reed  MW,  Muir 
K,  Lophatananon  A,  Stewart-Brown  S,  Siriwanarangsan  P,  Zheng  W,  Deming-Halverson 
S,  Shrubsole  MJ,  Long  J,  Shu  X-,  Lu  W,  Gao  Y-,  Zhang  B,  Radice  P,  Peterlongo  P, 
Manoukian  S,  Mariette  F,  Sangrajrang  S,  McKay  J,  Couch  FJ,  Toland  AE;  TNBCC, 
Yannoukakos  D,  Fletcher  O,  Johnson  N,  dos  Santos  Silva  I,  Peto  J,  Manne  F,  Burwinkel 
B,  Guenel  P,  Truong  T,  Sanchez  M,  Mulot  C,  Bojesen  SE,  Nordestgaard  BG,  Flyer  H, 
Brenner  H,  Dieffenbach  AK,  Arndt  V,  Stegmaier  C,  Mannermaa  A,  Kataja  V,  Kosma  V-, 
Hartikainen  JM,  Lambrechts  D,  Yesilyurt  BT,  Floris  G,  Leunen  K,  Chang-Claude  J, 
Rudolph  A,  Seibold  P,  Flesch-Janys  D,  Wang  X,  Olson  JE,  Vachon  C,  Purrington  K, 
Giles  GG,  Severi  G,  Baglietto  L,  Haiman  CA,  Henderson  BE,  Schumacher  F,  Marchand 
LL,  Simard  J,  Dumont  M,  Goldberg  MS,  Labreche  F,  Winqvist  R,  Pylkas  K,  Jukkola- 
Vuorinen  A,  Grip  M,  Devilee  P,  Tollenaar  RA,  Seynaeve  C,  Garcia-Closas  M,  Chanock 
SJ,  Lissowska  J,  Figueroa  JD,  Czene  K,  Eriksson  M,  Humphreys  K,  Darabi  H,  Hooning 
MJ,  Kriege  M,  Collee  JM,  Tilanus-Linthorst  M,  Li  J,  Jakubowska  A,  Lubinski  J, 
Jaworska-Bieniek  K,  Durda  K,  Nevanlinna  H,  Muranen  TA,  Aittomaki  K,  Blomqvist  C, 
Bogdanova  N,  Dork  T,  Hall  P,  Chenevix-Trench  G,  Easton  DF,  Pharroah  PD,  Arias- 
Perez  JI,  Zamora  P,  Benitez  J,  Milne  RL.  FGF  receptor  genes  and  breast  cancer 
susceptibility:  results  from  the  Breast  Cancer  Association  Consortium.  Br  J  Cancer. 
110(4):  1088-100,  2014.  PMC3929867. 

26.  Spurdle  AB,  Couch  FJ,  Parsons  MT,  McGuffog  L,  Barrowdale  D,  Bolla  MK,  Wang  Q, 
Healey  S,  Schmutzler  R,  Wappenschmidt  B,  Rhiem  K,  Hahnen  E,  Engel  C,  Meindl  A, 
Ditsch  N,  Arnold  N,  Plendl  H,  Niederacher  D,  Sutter  C,  Wang-Gohrke  S,  Steinemann  D, 
Preisler-Adams  S,  Kast  K,  Varon-Mateeva  R,  Ellis  S,  Frost  D,  Platte  R,  Perkins  J,  Evans 
DG,  Izatt  L,  Eeles  R,  Adlard  J,  Davidson  R,  Cole  T,  Scuvera  G,  Manoukian  S,  Bonanni 
B,  Mariette  F,  Fortuzzi  S,  Viel  A,  Pasini  B,  Papi  L,  Varesco  L,  Balleine  R,  Nathanson 
KL,  Domchek  SM,  Offitt  K,  Jakubowska  A,  Lindor  N,  Thomassen  M,  Jensen  UB, 
Rantala  J,  Borg  A,  Andrulis  IL,  Miron  A,  Hansen  TV,  Caldes  T,  Neuhausen  SL,  Toland 
AE,  Nevanlinna  H,  Montagna  M,  Garber  J,  Godwin  AK,  Osorio  A,  Factor  RE,  Terry  MB, 
Rebbeck  TR,  Karlan  BY,  Southey  M,  Rashid  MU,  Tung  N,  Pharoah  PD,  Blows  FM, 
Dunning  AM,  Provenzano  E,  Hall  P,  Czene  K,  Schmidt  MK,  Broeks  A,  Cornelissen  S, 
Verhoef  S,  Fasching  PA,  Beckmann  MW,  Ekici  AB,  Slamon  DJ,  Bojesen  SE, 
Nordestgaard  BG,  Nielsen  SF,  Flyger  H,  Chang-Claude  J,  Flesch-Janys  D,  Rudolph  A, 
Seibold  P,  Aittomaki  K,  Muranen  TA,  Heikkila  P,  Blomqvist  C,  Figueroa  J,  Chanock  SJ, 
Brinton  L,  Lissowska  J,  Olson  JE,  Pankratz  VS,  John  EM,  Whittemore  AS,  West  DW, 
Hamann  U,  Torres  D,  Ulmer  HU,  Rudiger  T,  Devilee  P,  Tollenaar  RA,  Seynaeve  C,  Van 
Asperen  CJ,  Eccles  DM,  Tapper  WJ,  Durcan  L,  Jones  L,  Peto  J,  dos-Santos-Silva  I, 
Fletcher  O,  Johnson  N,  Dwek  M,  Swann  R,  Bane  AL,  Glendon  G,  Mulligan  AM,  Giles 
GG,  Milne  RL,  Baglietto  L,  McLean  C,  Carpenter  J,  Clarke  C,  Scott  R,  Brauch  H, 
Bruning  T,  Ko  YD,  Cox  A,  Cross  SS,  Reed  MW,  Lubinski  J,  Jaworska-Bieniek  K,  Durda 
K,  Gronwald  J,  Dork  T,  Bogdanova  N,  Park-Simon  TW,  Hillemanns  P,  Haiman  CA, 
Henderson  BE,  Schumacher  F,  Le  Marchand  L,  Burwinkel  B,  Manne  F,  Surovy  H,  Yang 

R,  Anton-Culver  H,  Ziogas  A,  Hooning  MJ,  Collee  JM,  Martens  JW,  Tilanus-Linthorst 


27 


MM,  Brenner  H,  Dieffenbach  AK,  Arndt  V,  Stegmaier  C,  Winqvist  R,  Pylkas  K, 
Jukkola-Vuorinen  A,  Grip  M,  Lindblom  A,  Margolin  S,  Joseph  V,  Robson  M,  Rau- 
Murthy  R,  Gonzalez -Neira  A,  Arias  JI,  Zamora  P,  Benitez  J,  Mannermaa  A,  Kataja  V, 
Kosma  VM,  Hartikainen  JM,  Peterlongo  P,  Zaffaroni  D,  Barile  M,  Capra  F,  Radice  P, 
Teo  SH,  Easton  DF,  Antoniou  AC,  Chenevix-Trench  G,  Goldgar  DE;  ABCTB 
Investigators;  EMBRACE  Group;  GENICA  Network;  HEBON  Group;  kConFab 
Investigators.  Refined  histopathological  predictors  of  BRCA1  and  BRCA2  mutation 
status:  a  large-scale  analysis  of  breast  cancer  characteristics  from  the  BCAC,  CIMBA, 
and  ENIGMA  consortia.  Breast  Cancer  Res.  16(6)3419,  2014.  PMC4352262. 

27.  Schoeps  A,  Rudolph  A,  Seibold  P,  Dunning  AM,  Milne  RL,  Bojesen  SE,  Swerdlow  A, 
Andrulis  I,  Brenner  H,  Behrens  S,  Orr  N,  Jones  M,  Ashworth  A,  Li  J,  Cramp  H,  Connley 
D,  Czene  K,  Darabi  H,  Chanock  SJ,  Lissowska  J,  Figueroa  JD,  Knight  J,  Glendon  G, 
Mulligan  AM,  Dumont  M,  Severi  G,  Baglietto  L,  Olson  J,  Vachon  C,  Purrington  K, 
Moisse  M,  Neven  P,  Wildiers  H,  Spurdle  A,  Kosma  VM,  Kataja  V,  Hartikainen  JM, 
Hamann  U,  Ko  YD,  Dieffenbach  AK,  Arndt  V,  Stegmaier  C,  Malats  N,  Arias  Perez  JI, 
Benitez  J,  Flyger  H,  Nordestgaard  BG,  Truong  T,  Cordina-Duverger  E,  Menegaux  F,  dos 
Santos  Silva  I,  Fletcher  O,  Johnson  N,  Haberle  L,  Beckmann  MW,  Ekici  AB,  Braaf  L, 
Atsma  F,  van  den  Broek  AJ,  Makalic  E,  Schmidt  DF,  Southey  MC,  Cox  A,  Simard  J, 
Giles  GG,  Lambrechts  D,  Mannermaa  A,  Brauch  H,  Guenel  P,  Peto  J,  Fasching  PA, 
Hopper  J,  Flesch-Janys  D,  Couch  F,  Chenevix-Trench  G,  Pharoah  PD,  Garcia-Closas  M, 
Schmidt  MK,  Hall  P,  Easton  DF,  Chang-Claude  J.  Identification  of  new  genetic 
susceptibility  loci  for  breast  cancer  through  consideration  of  gene-environment 
interactions. Genet  Epidemiol.  38(l):84-93,  2014.  PMC3995140. 

28.  Charbonneau  B,  Block  MS,  Bamlet  WR,  Vierkant  RA,  Kalli  KR,  Fogarty  Z,  Rider  DN, 
Sellers  TA,  Tworoger  SS,  Poole  E,  Risch  HA,  Salvesen  HB,  Kiemeney  LA,  Baglietto  L, 
Giles  GG,  Severi  G,  Trabert  B,  Wentzensen  N,  Chenevix-Trench  G;  for  AOCS/ACS 
group,  Whittemore  AS,  Sieh  W,  Chang-Claude  J,  Bandera  EV,  Orlow  I,  Terry  K, 
Goodman  MT,  Thompson  PJ,  Cook  LS,  Rossing  MA,  Ness  RB,  Narod  SA, 
Kupryjanczyk  J,  Lu  K,  Butzow  R,  Dork  T,  Pejovic  T,  Campbell  I,  Le  ND,  Bunker  CH, 
Bogdanova  N,  Runnebaum  IB,  Eccles  D,  Paul  J,  Wu  AH,  Gayther  SA,  Hogdall  E,  Heitz 
F,  Kaye  SB,  Karlan  BY,  Anton-Culver  H,  Gronwald  J,  Hogdall  CK,  Lambrechts  D, 
Fasching  PA,  Menon  U,  Schildkraut  J,  Pearce  CL,  Levine  DA,  Kjaer  SK,  Cramer  D, 
Flanagan  JM,  Phelan  CM,  Brown  R,  Massuger  LF,  Song  H,  Doherty  JA,  Krakstad  C, 
Liang  D,  Odunsi  K,  Berchuck  A,  Jensen  A,  Lubinski  J,  Nevanlinna  H,  Bean  YT,  Lurie  G, 
Ziogas  A,  Walsh  C,  Despierre  E,  Brinton  L,  Hein  A,  Rudolph  A,  Dansonka-Mieszkowska 
A,  Olson  SH,  Harter  P,  Tyrer  J,  Vitonis  AF,  Brooks-Wilson  A,  Aben  KK,  Pike  MC, 
Ramus  SJ,  Wik  E,  Cybulski  C,  Lin  J,  Sucheston  L,  Edwards  R,  McGuire  V,  Lester  J,  du 
Bois  A,  Lundvall  L,  Wang-Gohrke  S,  Szafron  LM,  Lambrechts  S,  Yang  H,  Beckmann 
MW,  Pelttari  LM,  Van  Altena  AM,  van  den  Berg  D,  Halle  MK,  Gentry-Maharaj  A, 
Schwaab  I,  Chandran  U,  Menkiszak  J,  Ekici  AB,  Wilkens  LR,  Leminen  A,  Modugno  F, 
Friel  G,  Rothstein  JH,  Vergote  I,  Garcia-Closas  M,  Hildebrandt  MA,  Sobiczewski  P, 
Kelemen  LE,  Pharoah  PD,  Moysich  K,  Knutson  KL,  Cunningham  JM,  Fridley  BL, 
Goode  EL.  Risk  of  ovarian  cancer  and  the  NF-kB  pathway:  genetic  association  with 
ILIA  and  TNFSF10.  Cancer  Res.  74(3):852-61,  2014.  PMC3946482. 


28 


29.  Milne  RL,  Herranz  J,  Michailidou  K,  Dennis  J,  Tyrer  JP,  Zamora  MP,  Arias-Perez  JI, 
Gonzalez-Neira  A,  Pita  G,  Alonso  MR,  Wang  Q,  Bolla  MK,  Czene  K,  Eriksson  M, 
Humphreys  K,  Darabi  H,  Li  J,  Anton-Culver  H,  Neuhausen  SL,  Ziogas  A,  Clarke  CA, 
Hopper  JL,  Dite  GS,  Apicella  C,  Southey  MC,  Chenevix-Trench  G;  kConFab 
Investigators;  Australian  Ovarian  Cancer  Study  Group,  Swerdlow  A,  Ashworth  A,  Orr  N, 
Schoemaker  M,  Jakubowska  A,  Lubinski  J,  Jaworska-Bieniek  K,  Durda  K,  Andrulis  IL, 
Knight  JA,  Glendon  G,  Mulligan  AM,  Bojesen  SE,  Nordestgaard  BG,  Flyger  H, 
Nevanlinna  H,  Muranen  TA,  Aittomaki  K,  Blomqvist  C,  Chang-Claude  J,  Rudolph  A, 
Seibold  P,  Flesch-Janys  D,  Wang  X,  Olson  JE,  Vachon  C,  Purrington  K,  Winqvist  R, 
Pylkas  K,  Jukkola-Vuorinen  A,  Grip  M,  Dunning  AM,  Shah  M,  Guenel  P,  Truong  T, 
Sanchez  M,  Mulot  C,  Brenner  H,  Dieffenbach  AK,  Arndt  V,  Stegmaier  C,  Lindblom  A, 
Margolin  S,  Hooning  MJ,  Hollestelle  A,  Collee  JM,  Jager  A,  Cox  A,  Brock  IW,  Reed 
MW,  Devilee  P,  Tollenaar  RA,  Seynaeve  C,  Haiman  CA,  Henderson  BE,  Schumacher  F, 
Le  Marchand  L,  Simard  J,  Dumont  M,  Soucy  P,  Dork  T,  Bogdanova  NV,  Hamann  U, 
Forsti  A,  Rudiger  T,  Ulmer  HU,  Fasching  PA,  Haberle  L,  Ekici  AB,  Beckmann  MW, 
Fletcher  O,  Johnson  N,  dos  Santos  Silva  I,  Peto  J,  Radice  P,  Peterlongo  P,  Peissel  B, 
Mariani  P,  Giles  GG,  Severi  G,  Baglietto  L,  Sawyer  E,  Tomlinson  I,  Kerin  M,  Miller  N, 
Marine  F,  Burwinkel  B,  Mannermaa  A,  Kataja  V,  Kosma  VM,  Hartikainen  JM, 
Lambrechts  D,  Yesilyurt  BT,  Floris  G,  Leunen  K,  Alnses  GG,  Kristensen  V,  Borresen- 
Dale  AL,  Garcia-Closas  M,  Chanock  SJ,  Lissowska  J,  Figueroa  JD,  Schmidt  MK,  Broeks 

A,  Verhoef  S,  Rutgers  EJ,  Brauch  H,  Briming  T,  Ko  YD;  GENICA  Network,  Couch  FJ, 
Toland  AE;  TNBCC,  Yannoukakos  D,  Pharoah  PD,  Hall  P,  Benitez  J,  Malats  N,  Easton 
DF.  A  large-scale  assessment  of  two-way  SNP  interactions  in  breast  cancer  susceptibility 
using  46,450  cases  and  42,461  controls  from  the  breast  cancer  association  consortium. 
Hum  Mol  Genet.  23(7):  1934-46,  2014.  PMC3943524. 

30.  Lin  WY,  Camp  NJ,  Ghoussaini  M,  Beesley  J,  Michailidou  K,  Hopper  JL,  Apicella  C, 
Southey  MC,  Stone  J,  Schmidt  MK,  Broeks  A,  Van't  Veer  LJ,  Rutgers  EJ,  Muir  K, 
Lophatananon  A,  Stewart-Brown  S,  Siriwanarangsan  P,  Fasching  PA,  Haeberle  L,  Ekici 
AB,  Beckmann  MW,  Peto  J,  Dos-Santos-Silva  I,  Fletcher  O,  Johnson  N,  Bolla  MK, 
Wang  Q,  Dennis  J,  Sawyer  EJ,  Cheng  T,  Tomlinson  I,  Kerin  MJ,  Miller  N,  Marine  F, 
Surowy  HM,  Burwinkel  B,  Guenel  P,  Truong  T,  Menegaux  F,  Mulot  C,  Bojesen  SE, 
Nordestgaard  BG,  Nielsen  SF,  Flyger  H,  Benitez  J,  Zamora  MP,  Arias  Perez  JI, 
Menendez  P,  Gonzalez-Neira  A,  Pita  G,  Alonso  MR,  Alvarez  N,  Herrero  D,  Anton- 
Culver  H,  Brenner  H,  Dieffenbach  AK,  Arndt  V,  Stegmaier  C,  Meindl  A,  Lichtner  P, 
Schmutzler  RK,  Miiller-Myhsok  B,  Brauch  H,  Briming  T,  Ko  YD;  The  GENICA 
Network,  Tessier  DC,  Vincent  D,  Bacot  F,  Nevanlinna  H,  Aittomaki  K,  Blomqvist  C, 
Khan  S,  Matsuo  K,  Ito  H,  Iwata  H,  Horio  A,  Bogdanova  NV,  Antonenkova  NN,  Dork  T, 
Lindblom  A,  Margolin  S,  Mannermaa  A,  Kataja  V,  Kosma  VM,  Hartikainen  JM, 
Investigators  K;  Australian  Ovarian  Cancer  Study  Group,  Wu  AH,  Tseng  CC,  Van  Den 
Berg  D,  Stram  DO,  Neven  P,  Wauters  E,  Wildiers  H,  Lambrechts  D,  Chang-Claude  J, 
Rudolph  A,  Seibold  P,  Flesch-Janys  D,  Radice  P,  Peterlongo  P,  Manoukian  S,  Bonanni 

B,  Couch  FJ,  Wang  X,  Vachon  C,  Purrington  K,  Giles  GG,  Milne  R,  McLean  C,  Haiman 
CA,  Henderson  BE,  Schumacher  F,  Le  Marchand  L,  Simard  J,  Goldberg  MS,  Labreche  F, 
Dumont  M,  Teo  SH,  Yip  CH,  Hassan  N,  Vithana  EN,  Kristensen  V,  Zheng  W,  Deming- 


29 


Halverson  S,  Shrubsole  M,  Long  J,  Winqvist  R,  Pylkas  K,  Jukkola-Vuorinen  A,  Kauppila 
S,  Andrulis  IL,  Knight  JA,  Glendon  G,  Tchatchou  S,  Devilee  P,  Tollenaar  RA,  Seynaeve 
C,  Van  Asperen  CJ,  Garcia-Closas  M,  Figueroa  J,  Lissowska  J,  Brinton  L,  Czene  K, 
Darabi  H,  Eriksson  M,  Brand  JS,  Hooning  MJ,  Hollestelle  A,  van  den  Ouweland  AM, 
Jager  A,  Li  J,  Liu  J,  Humphreys  K,  Shu  XO,  Lu  W,  Gao  YT,  Cai  H,  Cross  SS,  Reed  MW, 
Blot  W,  Signorello  LB,  Cai  Q,  Pharoah  PD,  Perkins  B,  Shah  M,  Blows  FM,  Kang  D,  Yoo 
KY,  Noh  DY,  Hartman  M,  Miao  H,  Chia  KS,  Putti  TC,  Hamann  U,  Luccarini  C,  Baynes 
C,  Ahmed  S,  Maranian  M,  Healey  CS,  Jakubowska  A,  Lubinski  J,  Jaworska-Bieniek  K, 
Durda  K,  Sangrajrang  S,  Gaborieau  V,  Brennan  P,  McKay  J,  Slager  S,  Toland  AE, 
Yannoukakos  D,  Shen  CY,  Hsiung  CN,  Wu  PE,  Ding  SL,  Ashworth  A,  Jones  M,  Orr  N, 
Swerdlow  AJ,  Tsimiklis  H,  Makalic  E,  Schmidt  DF,  Bui  QM,  Chanock  SJ,  Hunter  DJ, 
Hein  R,  Dahmen  N,  Beckmann  L,  Aaltonen  K,  Muranen  TA,  Heikkinen  T,  Irwanto  A, 
Rahman  N,  Turnbull  C;  The  Breast  and  Ovarian  Cancer  Susceptibility  Study,  Waisfisz  Q, 
Meijers-Heijboer  HE,  Adank  MA,  van  der  Luijt  RB,  Hall  P,  Chenevix-Trench  G, 
Dunning  A,  Easton  DF,  Cox  A.  Identification  and  characterisation  of  novel  associations 
in  the  CASP8/ALS2CR12  region  on  chromosome  2  with  breast  cancer  risk.  Hum  Mol 
Genet.  24(l):285-98,  2015.  PMC4334820. 

3 1 .  Peterlongo  P,  Chang-Claude  J,  Moysich  KB,  Rudolph  A,  Schmutzler  RK,  Simard  J, 
Soucy  P,  Eeles  RA,  Easton  DF,  Hamann  U,  Wilkening  S,  Chen  B,  Rookus  MA,  Schmidt 
MK,  van  der  Baan  FH,  Spurdle  AB,  Walker  LC,  Lose  F,  Maia  AT,  Montagna  M, 
Matricardi  L,  Lubinski  J,  Jakubowska  A,  Gomez-Garcia  EB,  Olopade  01,  Nussbaum  RL, 
Nathanson  KL,  Domchek  SM,  Rebbeck  TR,  Arun  BK,  Karlan  BY,  Orsulic  S,  Lester  J, 
Chung  WK,  Miron  A,  Southey  MC,  Goldgar  DE,  Buys  SS,  Janavicius  R,  Dorfling  CM, 
van  Rensburg  EJ,  Ding  YC,  Neuhausen  SL,  Hansen  TV,  Gerdes  AM,  Ejlertsen  B,  Jonson 
L,  Osorio  A,  Martinez-Bouzas  C,  Benitez  J,  Conway  EE,  Blazer  KR,  Weitzel  JN, 
Manoukian  S,  Peissel  B,  Zaffaroni  D,  Scuvera  G,  Barile  M,  Ficarazzi  F,  Mariette  F, 
Fortuzzi  S,  Viel  A,  Giannini  G,  Papi  L,  Martayan  A,  Tibiletti  MG,  Radice  P,  Vratimos  A, 
Fostira  F,  Garber  JE,  Donaldson  A,  Brewer  C,  Foo  C,  Evans  DG,  Frost  D,  Eccles  D, 
Brady  A,  Cook  J,  Tischkowitz  M,  Adlard  J,  Barwell  J,  Walker  L,  Izatt  L,  Side  LE, 
Kennedy  MJ,  Rogers  MT,  Porteous  ME,  Morrison  PJ,  Platte  R,  Davidson  R,  Hodgson 
SV,  Ellis  S,  Cole  T,  Godwin  AK,  Claes  K,  Van  Maerken  T,  Meindl  A,  Gehrig  A,  Sutter 
C,  Engel  C,  Niederacher  D,  Steinemann  D,  Plendl  H,  Kast  K,  Rhiem  K,  Ditsch  N,  Arnold 
N,  Varon-Mateeva  R,  Wappenschmidt  B,  Wang-Gohrke  S,  Bressac-de  Paillerets  B, 
Buecher  B,  Delnatte  C,  Houdayer  C,  Stoppa-Lyonnet  D,  Damiola  F,  Coupier  I,  Barjhoux 
L,  Venat-Bouvet  L,  Golmard  L,  Boutry-Kryza  N,  Sinilnikova  OM,  Caron  O,  Pujol  P, 
Mazoyer  S,  Belotti  M,  Piedmonte  M,  Friedlander  ML,  Rodriguez  GC,  Copeland  LJ,  de 
la  Hoya  M,  Perez  Segura  P,  Nevanlinna  H,  Aittomaki  K,  van  Os  TA,  Meijers-Heijboer 
HE,  Van  der  Hout  AH,  Vreeswijk  MP,  Hoogerbrugge  N,  Ausems  MG,  Van  Doom  HC, 
Collee  JM,  Olah  E,  Diez  O,  Blanco  I,  Lazaro  C,  Brunet  J,  Feliubadalo  L,  Cybulski  C, 
Gronwald  J,  Durda  K,  Jaworska-Bieniek  K,  Sukiennicki  G,  Arason  A,  Chiquette  J, 
Teixeira  MR,  Olswold  C,  Couch  FJ,  Lindor  NM,  Wang  X,  Szabo  Cl,  Offit  K,  Corines  M, 
Jacobs  L,  Robson  M,  Zhang  L,  Joseph  V,  Berger  A,  Singer  CF,  Rappaport  C, 
Geschwantler  Kaulich  D,  Pfeiler  G,  Tea  MK,  Phelan  CM,  Greene  MH,  Mai  PL,  Rennert 
G,  Mulligan  AM,  Glendon  G,  Tchatchou  S,  Andrulis  IL,  Toland  AE,  Bojesen  A, 
Pedersen  IS,  Thomassen  M,  Jensen  UB,  Laitman  Y,  Rantala  J,  von  Wachenfeldt  A, 


30 


Ehrencrona  H,  Stenmark  Askmalm  M,  Borg  A,  Kuchenbaecker  KB,  McGuffog  L, 
Barrowdale  D,  Healey  S,  Lee  A,  Pharoah  PD,  Chenevix-Trench  G  On  Behalf  Of  Aocs 
Mamagement  Group,  Antoniou  AC,  Friedman  E.  Candidate  genetic  modifiers  for  breast 
and  ovarian  cancer  risk  in  BRCA1  and  BRCA2  mutation  carriers.  Cancer  Epidemiol 
Biomarkers  Prev.  24(1):308-316,  2015.  PMC4294951. 

32.  Painter  JN,  O’Mara  TA,  Batra  J,  Cheng  T,  Lose  FA,  Dennis  J,  Michailidou  K,  Tyrer  JP, 
Ahmed  S,  Ferguson  K,  Healey  CS,  Kaufmann  S,  Hillman  KM,  Walpole  C,  Moya  L, 
Pollock  P,  Jones  A,  Howarth  K,  Martin  L,  Gonnan  M,  Hodgson  S;  National  Study  of 
Endometrial  Cancer  Genetics  Group  (NSECG);  CHIBCHA  Consortium,  De  Polanco 
MM,  Sans  M,  Carracedo  A,  Castellvi-Bel  S,  Rojas-Martinez  A,  Santos  E,  Teixeira  MR, 
Carvajal-Carmona  L,  Shu  XO,  Long  J,  Zheng  W,  Xiang  YB;  The  Australian  National 
Endometrial  Cancer  Study  Group  (ANECS),  Montgomery  GW,  Webb  PM,  Scott  RJ, 
McEvoy  M,  Attia  J,  Holliday  E,  Martin  NG,  Nyholt  DR,  Henders  AK,  Fasching  PA, 
Hein  A,  Beckmann  MW,  Renner  SP,  Dork  T,  Hillemanns  P,  Durst  M,  Runnebaum  I, 
Lambrechts  D,  Coenegrachts  L,  Schrauwen  S,  Amant  F,  Winterhoff  B,  Dowdy  SC, 
Goode  EL,  Teoman  A,  Salvesen  HB,  Trovik  J,  Njolstad  TS,  Wemer  HM,  Ashton  K, 
Proietto  T,  Otton  G,  Tzortzatos  G,  Mints  M,  Tham  E;  RENDOCAS,  Hall  P,  Czene  K,  Liu 
J,  Li  J,  Hopper  JL,  Southey  MC;  Australian  Ovarian  Cancer  Study  (AOCS),  Ekici  AB, 
Ruebner  M,  Johnson  N,  Peto  J,  Burwinkel  B,  Marine  F,  Brenner  H,  Dieffenbach  AK, 
Meindl  A,  Brauch  H;  The  GENICA  Network,  Lindblom  A,  Depreeuw  J,  Moisse  M, 
Chang-Claude  J,  Rudolph  A,  Couch  FJ,  Olson  JE,  Giles  GG,  Bruinsma  F,  Cunningham 
JM,  Fridley  BL,  Borresen-Dale  AL,  Kristensen  VN,  Cox  A,  Swerdlow  AJ,  Orr  N,  Bolla 
MK,  Wang  Q,  Weber  RP,  Chen  Z,  Shah  M,  French  JD,  Pharoah  PD,  Dunning  AM, 
Tomlinson  I,  Easton  DF,  Edwards  SL,  Thompson  DJ,  Spurdle  AB.  Fine-mapping  of  the 
HNF1B  multicancer  locus  identifies  candidate  variants  that  mediate  endometrial  cancer 
risk.  Hum  Mol  Genet.  24(5):  1478-1492,  2015.  PMC4321445. 

33.  Carvajal-Carmona  LG,  O’Mara  TA,  Painter  JN,  Lose  FA,  Dennis  J,  Michailidou  K, 
Tyrer  JP,  Ahmed  S,  Ferguson  K,  Healey  CS,  Pooley  K,  Beesley  J,  Cheng  T,  Jones  A, 
Howarth  K,  Martin  L,  Gorman  M,  Hodgson  S;  National  Study  of  Endometrial  Cancer 
Genetics  Group  (NSECG);  The  Australian  National  Endometrial  Cancer  Study  Group 
(ANECS),  Wentzensen  N,  Fasching  PA,  Hein  A,  Beckmann  MW,  Renner  SP,  Dork  T, 
Hillemanns  P,  Durst  M,  Runnebaum  I,  Lambrechts  D,  Coenegrachts  L,  Schrauwen  S, 
Amant  F,  Winterhoff  B,  Dowdy  SC,  Goode  EL,  Teoman  A,  Salvesen  HB,  Trovik  J, 
Njolstad  TS,  Wemer  HM,  Scott  RJ,  Ashton  K,  Proietto  T,  Otton  G,  Wersall  O,  Mints  M, 
Tham  E;  RENDOCAS,  Hall  P,  Czene  K,  Liu  J,  Li  J,  Hopper  JL,  Southey  MC;  Australian 
Ovarian  Cancer  Study  (AOCS),  Ekici  AB,  Ruebner  M,  Johnson  N,  Peto  J,  Burwinkel  B, 
Marine  F,  Brenner  H,  Dieffenbach  AK,  Meindl  A,  Brauch  H;  The  GENICA  Network, 
Lindblom  A,  Depreeuw  J,  Moisse  M,  Chang-Claude  J,  Rudolph  A,  Couch  FJ,  Olson  JE, 
Giles  GG,  Bruinsma  F,  Cunningham  JM,  Fridley  BL,  Borresen-Dale  AL,  Kristensen  VN, 
Cox  A,  Swerdlow  AJ,  Orr  N,  Bolla  MK,  Wang  Q,  Weber  RP,  Chen  Z,  Shah  M,  Pharoah 
PD,  Dunning  AM,  Tomlinson  I,  Easton  DF,  Spurdle  AB,  Thompson  DJ.  Candidate  locus 
analysis  of  the  TERT-CLPTM1L  cancer  risk  region  on  chromosome  5p  1 5  identifies 
multiple  independent  variants  associated  with  endometrial  cancer  risk.  Hum  Genet. 
134:231-345,  2015.  PMC4291520. 


31 


34.  Kuchenbaecker  KB,  Ramus  SJ,  Tyrer  J,  Lee  A,  Shen  HC,  Beesley  J,  Lawrenson  K, 
McGuffog  L,  Healey  S,  Lee  JM,  Spindler  TJ,  Lin  YG,  Pejovic  T,  Bean  Y,  Li  Q,  Coetzee 
S,  Hazelett  D,  Miron  A,  Southey  M,  Terry  MB,  Goldgar  DE,  Buys  SS,  Janavicius  R, 
Dorfling  CM,  van  Rensburg  EJ,  Neuhausen  SL,  Ding  YC,  Hansen  TV,  Jonson  L,  Gerdes 
AM,  Ejlertsen  B,  Barrowdale  D,  Dennis  J,  Benitez  J,  Osorio  A,  Garcia  MJ,  Komenaka  I, 
Weitzel  JN,  Ganschow  P,  Peterlongo  P,  Bernard  L,  Viel  A,  Bonanni  B,  Peissel  B, 
Manoukian  S,  Radice  P,  Papi  L,  Ottini  L,  Fostira  F,  Konstantopoulou  I,  Garber  J,  Frost 
D,  Perkins  J,  Platte  R,  Ellis  S;  EMBRACE,  Godwin  AK,  Schmutzler  RK,  Meindl  A, 
Engel  C,  Sutter  C,  Sinilnikova  OM;  GEMO  Study  Collaborators,  Damiola  F,  Mazoyer  S, 
Stoppa-Lyonnet  D,  Claes  K,  De  Leeneer  K,  Kirk  J,  Rodriguez  GC,  Piedmonte  M, 
O’Malley  DM,  de  la  Hoya  M,  Caldes  T,  Aittomaki  K,  Nevanlinna  H,  Collee  JM,  Rookus 
MA,  Oosterwijk  JC;  Breast  Cancer  Family  Registry,  Tihomirova  L,  Tung  N,  Hamann  U, 
Isaccs  C,  Tischkowitz  M,  Imyanitov  EN,  Caligo  MA,  Campbell  IG,  Hogervorst  FB; 
HEBON,  Olah  E,  Diez  O,  Blanco  I,  Brunet  J,  Lazaro  C,  Pujana  MA,  Jakubowska  A, 
Gronwald  J,  Lubinski  J,  Sukiennicki  G,  Barkardottir  RB,  Plante  M,  Simard  J,  Soucy  P, 
Montagna  M,  Tognazzo  S,  Teixeira  MR;  KConFab  Investigators,  Pankratz  VS,  Wang  X, 
Lindor  N,  Szabo  Cl,  Kauff  N,  Vijai  J,  Aghajanian  CA,  Pfeiler  G,  Berger  A,  Singer  CF, 
Tea  MK,  Phelan  CM,  Greene  MH,  Mai  PL,  Rennert  G,  Mulligan  AM,  Tchatchou  S, 
Andrulis  IL,  Glendon  G,  Toland  AE,  Jensen  UB,  Kruse  TA,  Thomassen  M,  Bojesen  A, 
Zidan  J,  Friedman  E,  Laitman  Y,  Soller  M,  Liljegren  A,  Arver  B,  Einbeigi  Z,  Stenmark- 
Askmalm  M,  Olopade  01,  Nussbaum  RL,  Rebbeck  TR,  Nathanson  KL,  Domchek  SM, 
Lu  KH,  Karlan  BY,  Walsh  C,  Lester  J;  Australian  Cancer  Study  (Ovarian  Cancer 
Investigators);  Australian  Ovarian  Cancer  Study  Group,  Hein  A,  Ekici  AB,  Beckmann 
MW,  Fasching  PA,  Lambrechts  D,  Van  Nieuwenhuysen  E,  Vergote  I,  Lambrechts  S, 
Dicks  E,  Doherty  JA,  Wicklund  KG,  Rossing  MA,  Rudolph  A,  Chang-Claude  J,  Wang- 
Gohrke  S,  Eilber  U,  Moysich  KB,  Odunsi  K,  Sucheston  L,  Lele  S,  Wilkens  LR, 
Goodman  MT,  Thompson  PJ,  Shvetsov  YB,  Runnebaum  IB,  Durst  M,  Hillemanns  P, 
Dork  T,  Antonenkova  N,  Bogdanova  N,  Leminen  A,  Pelttari  LM,  Butzow  R,  Modugno  F, 
Kelley  JL,  Edwards  RP,  Ness  RB,  du  Bois  A,  Heitz  F,  Schwaab  I,  Harter  P,  Matsuo  K, 
Hosono  S,  Orsulic  S,  Jensen  A,  Kjaer  SK,  Hogdall  E,  Hasmad  HN,  Azmi  MA,  Teo  SH, 
Woo  YL,  Fridley  BL,  Goode  EL,  Cunningham  JM,  Vierkant  RA,  Bruinsma  F,  Giles  GG, 
Liang  D,  Hildebrandt  MA,  Wu  X,  Levine  DA,  Bisogna  M,  Berchuck  A,  Iversen  ES, 
Schildkraut  JM,  Concannon  P,  Weber  RP,  Cramer  DW,  Terry  KL,  Poole  EM,  Tworoger 
SS,  Bandera  EV,  Orlow  I,  Olson  SH,  Krakstad  C,  Salvesen  HB,  Tangen  IL,  Bjorge  L, 
van  Altena  AM,  Aben  KK,  Kiemeney  LA,  Massuger  LF,  Kellar  M,  Brooks-Wilson  A, 
Kelemen  LE,  Cook  LS,  Le  ND,  Cybulski  C,  Yang  H,  Lissowska  J,  Brinton  LA, 
Wentzensen  N,  Hogdall  C,  Lundvall  L,  Nedergaard  L,  Baker  H,  Song  H,  Eccles  D, 
McNeish  I,  Paul  J,  Carty  K,  Siddiqui  N,  Glasspool  R,  Whittemore  AS,  Rothstein  JH, 
McGuire  V,  Sieh  W,  Ji  BT,  Zheng  W,  Shu  XO,  Gao  YT,  Rosen  B,  Risch  HA, 
McLaughlin  JR,  Narod  SA,  Monteiro  AN,  Chen  A,  Lin  HY,  Permuth-Wey  J,  Sellers  TA, 
Tsai  YY,  Chen  Z,  Ziogas  A,  Anton-Culver  H,  Gentry-Maharaj  A,  Menon  U,  Harrington 
P,  Lee  AW,  Wu  AH,  Pearce  CL,  Coetzee  G,  Pike  MC,  Dansonka-Mieszkowska  A, 
Timorek  A,  Rzepecka  IK,  Kupryjanczyk  J,  Freedman  M,  Noushmehr  H,  Easton  DF,  Offit 
K,  Couch  FJ,  Gayther  S,  Pharoah  PP,  Antoniou  AC,  Chenevix-Trench  G;  Consortium  of 
Investigators  of  Modifiers  of  BRCA1  and  BRCA2.  Identification  of  six  new 


32 


susceptibility  loci  for  invasive  epithelial  ovarian  cancer.  Nat  Genet.  47(2):  164-71,  2015. 
PMC4445140. 

35.  Kabisch  M,  Lorenzo  Bennejo  J,  Dunnebier  T,  Ying  S,  Michailidou  K,  Bolla  MK,  Wang 
Q,  Dennis  J,  Shah  M,  Perkins  BJ,  Czene  K,  Darabi  H,  Eriksson  M,  Bojesen  SE, 
Nordestgaard  BG,  Nielsen  SF,  Flyger  H,  Lambrechts  D,  Neven  P,  Peeters  S,  Weltens  C, 
Couch  FJ,  Olson  JE,  Wang  X,  Purrington  K,  Chang-Claude  J,  Rudolph  A,  Seibold  P, 
Flesch-Janys  D,  Peto  J,  Dos-Santos-Silva  I,  Johnson  N,  Fletcher  O,  Nevanlinna  H, 
Muranen  TA,  Aittomaki  K,  Blomqvist  C,  Schmidt  MK,  Broeks  A,  Cornelissen  S, 
Hogervorst  FB,  Fi  J,  Brand  JS,  Humphreys  K,  Guenel  P,  Truong  T,  Menegaux  F, 
Sanchez  M,  Burwinkel  B,  Marine  F,  Yang  R,  Bugert  P,  Gonzalez-Neira  A,  Benitez  J, 
Pilar  Zamora  M,  Arias  Perez  JI,  Cox  A,  Cross  SS,  Reed  MW,  Andrulis  IF,  Knight  JA, 
Glendon  G,  Tchatchou  S,  Sawyer  EJ,  Tomlinson  I,  Kerin  MJ,  Miller  N;  kConFab 
Investigators;  Australian  Ovarian  Cancer  Study  Group,  Haiman  CA,  Schumacher  F, 
Henderson  BE,  Le  Marchand  F,  Findblom  A,  Margolin  S,  Hooning  MJ,  Hollestelle  A, 
Kriege  M,  Koppert  FB,  Hopper  JL,  Southey  MC,  Tsimiklis  H,  Apicella  C,  Slettedahl  S, 
Toland  AE,  Vachon  C,  Yannoukakos  D,  Giles  GG,  Milne  RF,  McLean  C,  Fasching  PA, 
Ruebner  M,  Ekici  AB,  Beckmann  MW,  Brenner  H,  Dieffenbach  AK,  Arndt  V,  Stegmaier 
C,  Ashworth  A,  Orr  N,  Schoemaker  MJ,  Swerdlow  A,  Garcia-Closas  M,  Figueroa  J, 
Chanock  SJ,  Lissowska  J,  Goldberg  MS,  Labreche  F,  Dumont  M,  Winqvist  R,  Pylkas  K, 
Jukkola-Vuorinen  A,  Grip  M,  Brauch  H,  Bruning  T,  Ko  YD;  GENICA  Network,  Radice 

P,  Peterlongo  P,  Scuvera  G,  Fortuzzi  S,  Bogdanova  N,  Dork  T,  Mannermaa  A,  Kataja  V, 
Kosma  VM,  Hartikainen  JM,  Devilee  P,  Tollenaar  RA,  Seynaeve  C,  Van  Asperen  CJ, 
Jakubowska  A,  Fubinski  J,  Jaworska-Bieniek  K,  Durda  K,  Zheng  W,  Shrubsole  MJ,  Cai 

Q,  Torres  D,  Anton-Culver  H,  Kristensen  V,  Bacot  F,  Tessier  DC,  Vincent  D,  Luccarini 
C,  Baynes  C,  Ahmed  S,  Maranian  M,  Simard  J,  Chenevix-Trench  G,  Hall  P,  Pharoah  PD, 
Dunning  AM,  Easton  DF,  Hamann  U.  Inherited  variants  in  the  inner  centromere  protein 
(INCENP)  gene  of  the  chromosomal  passenger  complex  contribute  to  the  susceptibility 
of  ER-negative  breast  cancer.  Carcinogenesis.  36(2):256-71,  2015.  PMC4335262. 

36.  Blanco  I,  Kuchenbaecker  K,  Cuadras  D,  Wang  X,  Barrowdale  D,  de  Garibay  GR, 
Fibrado  P,  Sanchez-Gracia  A,  Rozas  J,  Bonifaci  N,  McGuffog  F,  Pankratz  VS,  Islam  A, 
Mateo  F,  Berenguer  A,  Petit  A,  Catala  I,  Brunet  J,  Feliubadalo  L,  Tornero  E,  Benitez  J, 
Osorio  A,  Cajal  TR,  Nevanlinna  H,  Aittomaki  K,  Arun  BK,  Toland  AE,  Karlan  BY, 
Walsh  C,  Lester  J,  Greene  MH,  Mai  PL,  Nussbaum  RL,  Andrulis  IL,  Domchek  SM, 
Nathanson  KL,  Rebbeck  TR,  Barkardottir  RB,  Jakubowska  A,  Lubinski  J,  Durda  K, 
Jaworska-Bieniek  K,  Claes  K,  Van  Maerken  T,  Diez  O,  Hansen  TV,  Jonson  L,  Gerdes 
AM,  Ejlertsen  B,  de  la  Hoya  M,  Caldes  T,  Dunning  AM,  Oliver  C,  Fineberg  E,  Cook  M, 
Peock  S,  McCann  E,  Murray  A,  Jacobs  C,  Pichert  G,  Lalloo  F,  Chu  C,  Dorkins  H, 
Paterson  J,  Ong  KR,  Teixeira  MR;  Teixeira,  Hogervorst  FB,  van  der  Hout  AH,  Seynaeve 
C,  van  der  Luijt  RB,  Figtenberg  MJ,  Devilee  P,  Wijnen  JT,  Rookus  MA,  Meijers- 
Heijboer  HE,  Blok  MJ,  van  den  Ouweland  AM,  Aalfs  CM,  Rodriguez  GC,  Phillips  KA, 
Piedmonte  M,  Nerenstone  SR,  Bae-Jump  VL,  O’Malley  DM,  Ratner  ES,  Schmutzler  RK, 
Wappenschmidt  B,  Rhiem  K,  Engel  C,  Meindl  A,  Ditsch  N,  Arnold  N,  Plendl  HJ, 
Niederacher  D,  Sutter  C,  Wang-Gohrke  S,  Steinemann  D,  Preisler-Adams  S,  Kast  K, 
Varon-Mateeva  R,  Gehrig  A,  Bojesen  A,  Pedersen  IS,  Sunde  L,  Jensen  UB,  Thomassen 


33 


M,  Kruse  TA,  Foretova  L,  Peterlongo  P,  Bernard  L,  Peissel  B,  Scuvera  G,  Manoukian  S, 
Radice  P,  Ottini  L,  Montagna  M,  Agata  S,  Maugard  C,  Simard  J,  Soucy  P,  Berger  A, 
Fink-Retter  A,  Singer  CF,  Rappaport  C,  Geschwantler-Kaulich  D,  Tea  MK,  Pfeiler  G; 
BCFR,  John  EM,  Miron  A,  Neuhausen  SL,  Terry  MB,  Chung  WK,  Daly  MB,  Goldgar 
DE,  Janavicius  R,  Dorfling  CM,  van  Rensburg  EJ,  Fostira  F,  Konstantopoulou  I,  Garber 
J,  Godwin  AK,  Olah  E,  Narod  SA,  Rennert  G,  Paluch  SS,  Laitman  Y,  Friedman  E;  SWE- 
BRCA,  Liljegren  A,  Rantala  J,  Stenmark-Askmalm  M,  Loman  N,  Imyanitov  EN, 
Hamann  U;  kConFab  Investigators,  Spurdle  AB,  Healey  S,  Weitzel  JN,  Herzog  J, 
Margileth  D,  Gorrini  C,  Esteller  M,  Gomez  A,  Sayols  S,  Vidal  E,  Heyn  H;  GEMO, 
Stoppa-Lyonnet  D,  Leone  M,  Barjhoux  L,  Fassy-Colcombet  M,  de  Pauw  A,  Lasset  C, 
Ferrer  SF,  Castera  L,  Berthet  P,  Cornells  F,  Bignon  YJ,  Damiola  F,  Mazoyer  S, 
Sinilnikova  OM,  Maxwell  CA,  Vijai  J,  Robson  M,  Kauff  N,  Corines  MJ,  Villano  D, 
Cunningham  J,  Lee  A,  Lindor  N,  Lazaro  C,  Easton  DF,  Offit  K,  Chenevix-Trench  G, 
Couch  FJ,  Antoniou  AC,  Pujana  MA.  Assessing  associations  between  the  AURKA- 
HMMR-TPX2-TUBG1  funcational  module  and  breast  cancer  risk  in  BRCA1/2  mutation 
carriers.  PLoS  One.  10(4):e0120020,  2015.  PMC4382299. 

37.  Rebbeck  TR,  Mitra  N,  Wan  F,  Sinilnikova  OM,  Healey  S,  McGuffog  L,  Mazoyer  S, 
Chenevix-Trench  G,  Easton  DF,  Antoniou  AC,  Nathanson  KL;  CIMBA  Consortium, 
Laitman  Y,  Kushnir  A,  Paluch-Shimon  S,  Berger  R,  Zidan  J,  Friedman  E,  Ehrencrona  H, 
Stenmark-Askmalm  M,  Einbeigi  Z,  Loman  N,  Harbst  K,  Rantala  J,  Melin  B,  Huo  D, 
Olopade  01,  Seldon  J,  Ganz  PA,  Nussbaum  RL,  Chan  SB,  Odunsi  K,  Gayther  SA, 
Domchek  SM,  Arun  BK,  Lu  KH,  Mitchell  G,  Karlan  BY,  Walsh  C,  Lester  J,  Godwin 
AK,  Pathak  H,  Ross  E,  Daly  MB,  Whittemore  AS,  John  EM,  Miron  A,  Terry  MB,  Chung 
WK,  Goldgar  DE,  Buys  SS,  Janavicius  R,  Tihomirova  L,  Tung  N,  Dorfling  CM,  van 
Rensburg  EJ,  Steele  L,  Neuhausen  SL,  Ding  YC,  Ejlertsen  B,  Gerdes  AM,  Hansen  Tv, 
Ramon  y  Cajal  T,  Osorio  A,  Benitez  J,  Godino  J,  Tejada  MI,  Duran  M,  Weitzel  JN, 
Bobolis  KA,  Sand  SR,  Fontaine  A,  Savarese  A,  Pasini  B,  Peissel  B,  Bonanni  B,  Zaffaroni 
D,  Vignolo-Lutati  F,  Scuvera  G,  Giannini  G,  Bernard  L,  Genuardi  M,  Radice  P,  Dolcetti 
R,  Manoukian  S,  Pensotti  V,  Gismondi  V,  Yannoukakos  D,  Fostira  F,  Garber  J,  Torres  D, 
Rashid  MU,  Hamann  U,  Peock  S,  Frost  D,  Platte  R,  Evans  DG,  Eeles  R,  Davidson  R, 
Eccles  D,  Cole  T,  Cook  J,  Brewer  C,  Hodgson  S,  Morrison  PJ,  Walker  L,  Porteous  ME, 
Kennedy  MJ,  Izatt  L,  Adlard  J,  Donaldson  A,  Ellis  S,  Shanna  P,  Schmutzler  RK, 
Wappenschmidt  B,  Becker  A,  Rhiem  K,  Hahnen  E,  Engel  C,  Meindl  A,  Engert  S,  Ditsch 

N,  Arnold  N,  Plendl  HJ,  Mundhenke  C,  Niederacher  D,  Fleisch  M,  Sutter  C,  Bartram  CR, 
Dikow  N,  Wang-Gohrke  S,  Gadzicki  D,  Steinemann  D,  Kast  K,  Beer  M,  Varon-Mateeva 
R,  Gehrig  A,  Weber  BH,  Stoppa-Lyonnet  D,  Sinilnikova  OM,  Mazoyer  S,  Houdayer  C, 
Belotti  M,  Gauthier- Villars  M,  Damiola  F,  Boutry-Kryza  N,  Lasset  C,  Sobol  H,  Peyrat 
JP,  Muller  D,  Fricker  JP,  Collonge-Rame  MA,  Mortemousque  I,  Nogues  C,  Rouleau  E, 
Isaacs  C,  De  Paepe  A,  Poppe  B,  Claes  K,  De  Leeneer  K,  Piedmonte  M,  Rodriguez  G, 
Wakely  K,  Boggess  J,  Blank  SV,  Basil  J,  Azodi  M,  Phillips  KA,  Caldes  T,  de  la  Hoya  M, 
Romero  A,  Nevanlinna  H,  Aittomaki  K,  van  der  Hout  AH,  Hogervorst  FB,  Verhoef  S, 
Collee  JM,  Seynaeve  C,  Oosterwijk  JC,  Gille  JJ,  Wijnen  JT,  Garcia  EB,  Kets  CM, 
Ausems  MG,  Aalfs  CM,  Devilee  P,  Mensenkamp  AR,  Kwong  A,  Olah  E,  Papp  J,  Diez  O, 
Lazaro  C,  Darder  E,  Blanco  I,  Salinas  M,  Jakubowska  A,  Lubinski  J,  Gronwald  J, 
Jaworska-Bieniek  K,  Durda  K,  Sukiennicki  G,  Huzarski  T,  Byrski  T,  Cybulski  C, 


34 


Toloczko-Grabarek  A,  Zlowocka-Perlowska  E,  Menkiszak  J,  Arason  A,  Barkardottir  RB, 
Simard  J,  Laframboise  R,  Montagna  M,  Agata  S,  Alducci  E,  Peixoto  A,  Teixeira  MR, 
Spurdle  AB,  Lee  MH,  Park  SK,  Kim  SW,  Friebel  TM,  Couch  FJ,  Lindor  NM,  Pankratz 
VS,  Guidugli  L,  Wang  X,  Tischkowitz  M,  Foretova  L,  Vijai  J,  Offit  K,  Robson  M,  Rau- 
Murthy  R,  Kauff  N,  Fink-Retter  A,  Singer  CF,  Rappaport  C,  Gschwantler-Kaulich  D, 
Pfeiler  G,  Tea  MK,  Berger  A,  Greene  MH,  Mai  PL,  Imyanitov  EN,  Toland  AE,  Senter  L, 
Bojesen  A,  Pedersen  IS,  Skytte  AB,  Sunde  L,  Thomassen  M,  Moeller  ST,  Kruse  TA, 
Jensen  UB,  Caligo  MA,  Aretini  P,  Teo  SH,  Selkirk  CG,  Hulick  PJ,  Andrulis  I. 
Association  of  type  and  location  of  BRCA1  and  BRCA2  mutations  with  risk  of  breast 
and  ovarian  cancer.  JAMA.  3 13(13):  1347-61,  2015. 

38.  Blein  S,  Bardel  C,  Danjean  V,  McGuffog  L,  Healey  S,  Barrowdale  D,  Lee  A,  Dennis  J, 
Kuchenbaecker  KB,  Soucy  P,  Terry  MB,  Chung  WK,  Goldgar  DE,  Buys  SS;  BCFR, 
Janavicius  R,  Tihomirova  L,  Tung  N,  Dorfling  CM,  van  Rensburg  EJ,  Neuhausen  SL, 
Ding  YC,  Gerdes  AM,  Ejlertsen  B,  Nielsen  FC,  Hansen  TV,  Osorio  A,  Benitez  J, 
Andres-Conejero  R,  Segota  E,  Weitzel  JN,  Thelander  M,  Peterlongo  P,  Radice  P,  Pensotti 
V,  Dolcetti  R,  Bonanni  B,  Peissel  B,  Zaffaroni  D,  Scuvera  G,  Manoukian  S,  Varesco  L, 
Capone  GL,  Papi  L,  Ottini  L,  Yannoukakos  D,  Konstantopoulou  I,  Garber  J,  Hamann  U, 
Donaldson  A,  Brady  A,  Brewer  C,  Foo  C,  Evans  DG,  Frost  D,  Eccles  D;  EMBRACE, 
Douglas  F,  Cook  J,  Adlard  J,  Barwell  J,  Walker  L,  Izatt  L,  Side  LE,  Kennedy  MJ, 
Tischkowitz  M,  Rogers  MT,  Porteous  ME,  Morrison  PJ,  Platte  R,  Eeles  R,  Davidson  R, 
Hodgson  S,  Cole  T,  Godwin  AK,  Isaacs  C,  Claes  K,  De  Leeneer  K,  Meindl  A,  Gehrig  A, 
Wappenschmidt  B,  Sutter  C,  Engel  C,  Niederacher  D,  Steinemann  D,  Plendl  H,  Kast  K, 
Rhiem  K,  Ditsch  N,  Arnold  N,  Varon-Mateeva  R,  Schmutzler  RK,  Preisler-Adams  S, 
Markov  NB,  Wang-Gohrke  S,  de  Pauw  A,  Lefol  C,  Lasset  C,  Leroux  D,  Rouleau  E, 
Damiola  F;  GEMO  Study  Collaborators,  Dreyfus  H,  Barjhoux  L,  Golmard  L, 
Uhrhammer  N,  Bonadona  V,  Somin  V,  Bignon  YJ,  Carter  J,  Van  Le  L,  Piedmonte  M, 
DiSilvestro  PA,  de  la  Hoya  M,  Caldes  T,  Nevanlinna  H,  Aittomaki  K,  Jager  A,  van  den 
Ouweland  AM,  Kets  CM,  Aalfs  CM,  van  Leeuwen  FE,  Hogervorst  FB,  Meijers-Heijboer 
HE;  HEBON,  Oosterwijk  JC,  van  Roozendaal  KE,  Rookus  MA,  Devilee  P,  van  der  Luijt 
RB,  Olah  E,  Diez  O,  Teule  A,  Lazaro  C,  Blanco  I,  Del  Valle  J,  Jakubowska  A, 
Sukiennicki  G,  Gronwald  J,  Lub inski  J,  Durda  K,  Jaworska-Bieniek  K,  Agnarsson  BA, 
Maugard  C,  Amadori  A,  Montagna  M,  Teixeira  MR,  Spurdle  AB,  Foulkes  W,  Olswold 
C,  Lindor  N,  Pankratz  VS,  Szabo  Cl,  Lincoln  A,  Jacobs  L,  Corines  M,  Robson  M,  Vijai 
J,  Berger  A,  Fink-Retter  A,  Singer  CF,  Rappaport  C,  Kaulich  DG,  Pfeiler  G,  Tea  MK, 
Greene  MH,  Mai  PL,  Rennert  G,  Imyanitov  EN,  Mulligan  AM,  Glendon  G,  Andrulis  IL, 
Tchatchou  S,  Toland  AE,  Pedersen  IS,  Thomassen  M,  Kruse  TA,  Jensen  UB,  Caligo  MA, 
Friedman  E,  Zidan  J,  Laitman  Y,  Lindblom  A,  Melin  B,  Arver  B,  Loman  N,  Rosenquist 
R,  Olopade  01,  Nussbaum  RL,  Ramus  SJ,  Nathanson  KL,  Domchek  SM,  Rebbeck  TR, 
Arun  BK,  Mitchell  G,  Karlan  BY,  Lester  J,  Orsulic  S,  Stoppa-Lyonnet  D,  Thomas  G, 
Simard  J,  Couch  FJ,  Offit  K,  Easton  DF,  Chenevix-Trench  G,  Antoniou  AC,  Mazoyer  S, 
Phelan  CM,  Sinilnikova  OM,  Cox  DG.  An  original  phylogenetic  approach  identified 
mitochondrial  haplogroup  Tlal  as  inversely  associated  with  breast  cancer  risk  in  BRCA2 
mutation  carriers.  Breast  Cancer  Res.  17(1):51,  2015. 


35 


39.  Brand  JS,  Li  J,  Humphreys  K,  Karlsson  R,  Eriksson  M,  Ivansson  E,  Hall  P,  Czene  K. 
Identification  of  two  novel  mammographic  density  loci  at  6Q25.1.  Breast  Cancer  Res. 
17(1):75,  2015.  PMC4501298. 

40.  Lei  J,  Rudolph  A,  Moysich  KB,  Rafiq  S,  Behrens  S,  Goode  EL,  Pharoah  PP,  Seibold  P, 
Fasching  PA,  Andrulis  IL,  Kristensen  VN,  Couch  FJ,  Hamann  U,  Hooning  MJ, 
Nevanlinna  H,  Eilber  U,  Bolla  MK,  Dennis  J,  Wang  Q,  Lindblom  A,  Mannermaa  A, 
Lambrechts  D,  Garcia-Closas  M,  Hall  P,  Chenevix-Trench  G,  Shah  M,  Luben  R, 
Haeberle  L,  Ekici  AB,  Beckmann  MW,  Knight  JA,  Glendon  G,  Tchatchou  S,  Alnaes  GI, 
Borresen-Dale  AL,  Nord  S,  Olson  JE,  Hallberg  E,  Vachon  C,  Torres  D,  Ulmer  HU, 
Rudiger  T,  Jager  A,  van  Deurzen  CH,  Tilanus-Linthorst  MM,  Muranen  TA,  Aittomaki  K, 
Blomqvist  C,  Margolin  S,  Kosma  VM,  Hartikainen  JM,  Kataja  V,  Hatse  S,  Wildiers  H, 
Smeets  A,  Figueroa  J,  Chanock  SJ,  Lissowska  J,  Li  J,  Humphreys  K,  Phillips  KA; 
kConFab  Investigators,  Linn  S,  Cornelissen  S,  van  den  Broek  SA,  Kang  D,  Choi  JY,  Park 
SK,  Yoo  KY,  Hsiung  CN,  Wu  PE,  Hou  MF,  Shen  CY,  Teo  SH,  Taib  NA,  Yip  CH,  Ho 
GF,  Matsuo  K,  Ito  H,  Iwata  H,  Tajima  K,  Dunning  AM,  Benitez  J,  Czene  K,  Sucheston 
LE,  Maishman  T,  Tapper  WJ,  Eccles  D,  Easton  DF,  Schmidt  MK,  Chang-Claude  J. 
Assessment  of  variation  in  immunosuppressive  pathway  genes  reveals  TGFBR2  to  be 
associated  with  prognosis  of  estrogen  receptor-negative  breast  cancer  after  chemotherapy. 
Breast  Cancer  Res.  17:18,  2015.  PMC4374346. 

41.  Palomba  G,  Loi  A,  Porcu  E,  Cossu  A,  Zara  I,  Budroni  M,  Dei  M,  Lai  S,  Mulas  A,  Olmeo 
N,  Ionta  MT,  Atzori  F,  Cuccuru  G,  Pitzalis  M,  Zoledziewska  M,  Olla  N,  Lovicu  M, 
Pisano  M,  Abecasis  GR,  Uda  M,  Tanda  F,  Michailidou  K,  Easton  DF,  Chanock  SJ, 
Hoover  RN,  Hunter  DJ,  Schlessinger  D,  Sanna  S,  Crisponi  L,  Pahnieri  G.  Genome-wide 
association  study  of  susceptibility  loci  for  breast  cancer  in  Sardinian  population.  BMC 
Cancer.  15:383,  2015.  PMC4434540. 

42.  Fagerhohn  R,  Schmidt  MK,  Khan  S,  Rafiq  S,  Tapper  W,  Aittomaki  K,  Greco  D, 
Heikkinen  T,  Muranen  TA,  Fasching  PA,  Janni  W,  Weinshilboum  R,  Loehberg  CR, 
Hopper  JL,  Southey  MC,  Keeman  R,  Lindblom  A,  Margolin  S,  Mannermaa  A,  Kataja  V, 
Chenevix-Trench  G;  kConFab  Investigators,  Lambrechts  D,  Wildiers  H,  Chang-Claude  J, 
Seibold  P,  Couch  FJ,  Olson  JE,  Andrulis  IL,  Knight  JA,  Garcia-Closas  M,  Figueroa  J, 
Hooning  MJ,  Jager  A,  Shah  M,  Perkins  BJ,  Luben  R,  Hamann  U,  Kabisch  M,  Czene  K, 
Hall  P,  Easton  DF,  Pharoah  PD,  Liu  J,  Eccles  D,  Blomqvist  C,  Nevanlinna  H.  The  SNP 
rs6500843  in  1 6p  13.3  is  associated  with  survival  specifically  among  chemotherapy- 
treated  breast  cancer  patients.  Oncotarget.  6(10):7390-7407,  2015.  PMC4480688. 

43.  Orr  N,  Dudbridge  F,  Dryden  N,  Maguire  S,  Novo  D,  Perrakis  E,  Johnson  N,  Ghoussaini 
M,  Hopper  JL,  Southey  MC,  Apicella  C,  Stone  J,  Schmidt  MK,  Broeks  A,  Van’t  Veer  LJ, 
Hogervorst  FB,  Fasching  PA,  Haeberle  L,  Ekici  AB,  Beckmann  MW,  Gibson  L,  Aitken 
Z,  Warren  H,  Sawyer  E,  Tomlinson  I,  Kerin  MJ,  Miller  N,  Burwinkel  B,  Marine  F, 
Schneeweiss  A,  Sohn  C,  Guenel  P,  Truong  T,  Cordina-Duverger  E,  Sanchez  M,  Bojesen 
SE,  Nordestgaard  BG,  Nielsen  SF,  Flyger  H,  Benitez  J,  Zamora  MP,  Arias  Perez  JI, 
Menendez  P,  Anton-Culver  H,  Neuhausen  SL,  Brenner  H,  Dieffenbach  AK,  Amdt  V, 
Stegmaier  C,  Hamann  U,  Brauch  H,  Justenhoven  C,  Briining  T,  Ko  YD,  Nevanlinna  H, 


36 


Aittomaki  K,  Blomqvist  C,  Khan  S,  Bogdanova  N,  Dork  T,  Lindblom  A,  Margolin  S, 
Mannermaa  A,  Kataja  V,  Kosma  VM,  Hartikainen  JM,  Chenevix-Trench  G,  Beesley  J, 
Lambrechts  D,  Moisse  M,  Floris  G,  Beuselinck  B,  Chang-Claude  J,  Rudolph  A,  Seibold 
P,  Flesch-Janys  D,  Radice  P,  Peterlongo  P,  Peissel  B,  Pensotti  V,  Couch  FJ,  Olson  JE, 
Slettedahl  S,  Vachon  C,  Giles  GG,  Milne  RL,  McLean  C,  Haiman  CA,  Henderson  BE, 
Schumacher  F,  Le  Marchand  L,  Simard  J,  Goldberg  MS,  Labreche  F,  Dumont  M, 
Kristensen  V,  Alnses  GG,  Nord  S,  Borresen-Dale  AL,  Zheng  W,  Deming-Halverson  S, 
Shrubsole  M,  Long  J,  Winqvist  R,  Pylkas  K,  Jukkola-Vuorinen  A,  Grip  M,  Andrulis  IL, 
Knight  JA,  Glendon  G,  Tchatchou  S,  Devilee  P,  Tollenaar  RA,  Seynaeve  CM,  Van 
Asperen  CJ,  Garcia-Closas  M,  Figueroa  J,  Chanock  SJ,  Lissowska  J,  Czene  K,  Darabi  H, 
Eriksson  M,  Klevebring  D,  Hooning  MJ,  Hollestelle  A,  van  Deurzen  CH,  Kriege  M,  Hall 
P,  Li  J,  Liu  J,  Humphreys  K,  Cox  A,  Cross  SS,  Reed  MW,  Pharoah  PD,  Dunning  AM, 
Shah  M,  Perkins  BJ,  Jakubowska  A,  Lubinski  J,  Jaworska-Bieniek  K,  Durda  K, 
Ashworth  A,  Swerdlow  A,  Jones  M,  Schoemaker  MJ,  Meindl  A,  Schmutzler  RK, 
Olswold  C,  Slager  S,  Toland  AE,  Yannoukakos  D,  Muir  K,  Lophatananon  A,  Stewart- 
Brown  S,  Siriwanarangsan  P,  Matsuo  K,  Ito  H,  Iwata  H,  Ishiguro  J,  Wu  AH,  Tseng  CC, 
Van  Den  Berg  D,  Strain  DO,  Teo  SH,  Yip  CH,  Kang  P,  Ikram  MK,  Shu  XO,  Lu  W,  Gao 
YT,  Cai  H,  Kang  D,  Choi  JY,  Park  SK,  Noh  DY,  Hartman  M,  Miao  H,  Lim  WY,  Lee  SC, 
Sangrajrang  S,  Gaborieau  V,  Brennan  P,  Mckay  J,  Wu  PE,  Hou  MF,  Yu  JC,  Shen  CY, 
Blot  W,  Cai  Q,  Signorello  LB,  Luccarini  C,  Bayes  C,  Ahmed  S,  Maranian  M,  Healey  CS, 
Gonzalez-Neira  A,  Pita  G,  Alonso  MR,  Alvarez  N,  Herrero  D,  Tessier  DC,  Vincent  D, 
Bacot  F,  Hunter  DJ,  Lindstrom  S,  Dennis  J,  Michailidou  K,  Bolla  MK,  Easton  DF,  dos 
Santos  Silva  I,  Fletcher  O,  Peto  J;  GENICA  Network;  kConFab  Investigators;  Australian 
Ovarian  Cancer  Study  Group.  Fine-mapping  identifies  two  additional  breast  cancer 
susceptibility  loci  at  9q31.2.  Hum  Mol  Genet.  24(10):2966-84,  2015.  PMC4406292. 

44.  Ovarian  Cancer  Association  Consortium,  Breast  Cancer  Association  Consortium,  and 
Consortium  of  Modifiers  of  BRCA1  and  BRCA2,  Hollestelle  A,  van  der  Baan  FH, 
Berchuck  A,  Johnatty  SE,  Aben  KK,  Agnarsson  BA,  Aittomaki  K,  Alducci  E,  Andrulis 
IL,  Anton-Culver  H,  Antonenkova  NN,  Antoniou  AC,  Apicella  C,  Amdt  V,  Arnold  N, 
Arun  BK,  Arver  B,  Ashworth  A;  Australian  Ovarian  Cancer  Study  Group,  Baglietto  L, 
Balleine  R,  Bandera  EV,  Barrowdale  D,  Bean  YT,  Beckmann  L,  Beckmann  MW,  Benitez 
J,  Berger  A,  Berger  R,  Beuselinck  B,  Bisogna  M,  Bjorge  L,  Blomqvist  C,  Bogdanova 
NV,  Bojesen  A,  Bojesen  SE,  Bolla  MK,  Bonanni  B,  Brand  JS,  Brauch  H;  Breast  Cancer 
Family  Register,  Brenner  H,  Brinton  L,  Brooks-Wilson  A,  Bruinsma  F,  Brunet  J,  Briining 
T,  Budzilowska  A,  Bunker  CH,  Burwinkel  B,  Butzow  R,  Buys  SS,  Caligo  MA,  Campbell 
I,  Carter  J,  Chang-Claude  J,  Chanock  SJ,  Claes  KB,  Collee  JM,  Cook  LS,  Couch  FJ,  Cox 

A,  Cramer  D,  Cross  SS,  Cunningham  JM,  Cybulski  C,  Czene  K,  Damiola  F,  Dansonka- 
Mieszkowska  A,  Darabi  H,  de  la  Hoya  M,  deFazio  A,  Dennis  J,  Devilee  P,  Dicks  EM, 
Diez  O,  Doherty  JA,  Domchek  SM,  Dorfling  CM,  Dork  T,  Silva  ID,  du  Bois  A,  Dumont 
M,  Dunning  AM,  Duran  M,  Easton  DF,  Eccles  D,  Edwards  RP,  Ehrencrona  H,  Ejlertsen 

B,  Ekici  AB,  Ellis  SD;  EMBRACE,  Engel  C,  Eriksson  M,  Fasching  PA,  Feliubadalo  L, 
Figueroa  J,  Flesch-Janys  D,  Fletcher  O,  Fontaine  A,  Fortuzzi  S,  Fostira  F,  Fridley  BL, 
Friebel  T,  Friedman  E,  Friel  G,  Frost  D,  Garber  J,  Garcia-Closas  M,  Gayther  SA;  GEMO 
Study  Collaborators;  GENICA  Network,  Gentry-Maharaj  A,  Gerdes  AM,  Giles  GG, 
Glasspool  R,  Glendon  G,  Godwin  AK,  Goodman  MT,  Gore  M,  Greene  MH,  Grip  M, 


37 


Gronwald  J,  Gschwantler  Kaulich  D,  Guenel  P,  Guzman  SR,  Haeberle  L,  Haiman  CA, 
Hall  P,  Halverson  SL,  Hamann  U,  Hansen  TV,  Harter  P,  Hartikainen  JM,  Healey  S; 
HEBON,  Hein  A,  Heitz  F,  Henderson  BE,  Herzog  J,  T  Hildebrandt  MA,  Hogdall  CK, 
Hogdall  E,  Hogervorst  FB,  Hopper  JL,  Humphreys  K,  Huzarski  T,  Imyanitov  EN,  Isaacs 

C,  Jakubowska  A,  Janavicius  R,  Jaworska  K,  Jensen  A,  Jensen  UB,  Johnson  N,  Jukkola- 
Vuorinen  A,  Kabisch  M,  Karlan  BY,  Kataja  V,  Kauff  N;  KConFab  Investigators, 
Kelemen  LE,  Kerin  MJ,  Kiemeney  LA,  Kjaer  SK,  Knight  JA,  Knol-Bout  JP, 
Konstantopoulou  I,  Kosma  VM,  Krakstad  C,  Kristensen  V,  Kuchenbaecker  KB, 
Kupryjanczyk  J,  Laitman  Y,  Lambrechts  D,  Lambrechts  S,  Larson  MC,  Lasa  A,  Laurent- 
Puig  P,  Lazaro  C,  Le  ND,  Le  Marchand  L,  Leminen  A,  Lester  J,  Levine  DA,  Li  J,  Liang 

D,  Lindblom  A,  Lindor  N,  Lissowska  J,  Long  J,  Lu  KH,  Lubinski  J,  Lundvall  L,  Lurie  G, 
Mai  PL,  Mannermaa  A,  Margolin  S,  Mariette  F,  Marine  F,  Martens  JW,  Massuger  LF, 
Maugard  C,  Mazoyer  S,  McGuffog  L,  McGuire  V,  McLean  C,  McNeish  I,  Meindl  A, 
Menegaux  F,  Menendez  P,  Menkiszak  J,  Menon  U,  Mensenkamp  AR,  Miller  N,  Milne 
RL,  Modugno  F,  Montagna  M,  Moysich  KB,  Muller  H,  Mulligan  AM,  Muranen  TA, 
Narod  SA,  Nathanson  KL,  Ness  RB,  Neuhausen  SL,  Nevanlinna  H,  Neven  P,  Nielsen 
FC,  Nielsen  SF,  Nordestgaard  BG,  Nussbaum  RL,  Odunsi  K,  Offit  K,  Olah  E,  Olopade 
01,  Olson  JE,  Olson  SH,  Oosterwijk  JC,  Orlow  I,  Orr  N,  Orsulic  S,  Osorio  A,  Ottini  L, 
Paul  J,  Pearce  CL,  Pedersen  IS,  Peissel  B,  Pejovic  T,  Pelttari  LM,  Perkins  J,  Permuth- 
Wey  J,  Peterlongo  P,  Peto  J,  Phelan  CM,  Phillips  KA,  Piedmonte  M,  Pike  MC,  Platte  R, 
Plisiecka-Halasa  J,  Poole  EM,  Poppe  B,  Pylkas  K,  Radice  P,  Ramus  SJ,  Rebbeck  TR, 
Reed  MW,  Rennert  G,  Risch  HA,  Robson  M,  Rodriguez  GC,  Romero  A,  Rossing  MA, 
Rothstein  JH,  Rudolph  A,  Runnebaum  I,  Salani  R,  Salvesen  HB,  Sawyer  EJ,  Schildkraut 
JM,  Schmidt  MK,  Schmutzler  RK,  Schneeweiss  A,  Schoemaker  MJ,  Schrauder  MG, 
Schumacher  F,  Schwaab  I,  Scuvera  G,  Sellers  TA,  Severi  G,  Seynaeve  CM,  Shah  M, 
Shrubsole  M,  Siddiqui  N,  Sieh  W,  Simard  J,  Singer  CF,  Sinilnikova  OM,  Smeets  D,  Sohn 
C,  Soller  M,  Song  H,  Soucy  P,  Southey  MC,  Stegmaier  C,  Stoppa-Lyonnet  D,  Sucheston 
L;  SWE-BRCA,  Swerdlow  A,  Tangen  IL,  Tea  MK,  Teixeira  MR,  Terry  KL,  Terry  MB, 
Thomassen  M,  Thompson  PJ,  Tihomirova  L,  Tischkowitz  M,  Toland  AE,  Tollenaar  RA, 
Tomlinson  I,  Torres  D,  Truong  T,  Tsimiklis  H,  Tung  N,  Tworoger  SS,  Tyrer  JP,  Vachon 
CM,  Van  't  Veer  LJ,  van  Altena  AM,  Van  Asperen  CJ,  van  den  Berg  D,  van  den 
Ouweland  AM,  van  Doom  HC,  Van  Nieuwenhuysen  E,  van  Rensburg  EJ,  Vergote  I, 
Verhoef  S,  Vierkant  RA,  Vijai  J,  Vitonis  AF,  von  Wachenfeldt  A,  Walsh  C,  Wang  Q, 
Wang-Gohrke  S,  Wappenschmidt  B,  Weischer  M,  Weitzel  JN,  Weltens  C,  Wentzensen 
N,  Whittemore  AS,  Wilkens  LR,  Winqvist  R,  Wu  AH,  Wu  X,  Yang  HP,  Zaffaroni  D, 
Pilar  Zamora  M,  Zheng  W,  Ziogas  A,  Chenevix-Trench  G,  Pharoah  PD,  Rookus  MA, 
Hooning  MJ,  Goode  EL.  No  clinical  utility  of  KRAS  variant  rs61764370  for  ovarian  or 
breast  cancer.  Gynecol  Oncol.  2015.  In  press.  PMC4630206. 

45.  Rudolph  A,  Milne  RL,  Truong  T,  Knight  JA,  Seibold  P,  Flesch-Janys  D,  Behrens  S, 
Eilber  U,  Bolla  MK,  Wang  Q,  Dennis  J,  Dunning  AM,  Shah  M,  Munday  HR,  Darabi  H, 
Eriksson  M,  Brand  JS,  Olson  J,  Vachon  CM,  Hallberg  E,  Castelao  JE,  Carracedo  A, 
Torres  M,  Li  J,  Humphreys  K,  Cordina-Duverger  E,  Menegaux  F,  Flyger  H, 
Nordestgaard  BG,  Nielsen  SF,  Yesilyurt  BT,  Floris  G,  Leunen  K,  Engelhardt  EG,  Broeks 
A,  Rutgers  EJ,  Glendon  G,  Mulligan  AM,  Cross  S,  Reed  M,  Gonzalez-Neira  A,  Arias 
Perez  JI,  Provenzano  E,  Apicella  C,  Southey  MC,  Spurdle  A;  kConFab  Investigators; 


38 


AOCS  Group,  Haberle  L,  Beckmann  MW,  Ekici  AB,  Dieffenbach  AK,  Arndt  V, 
Stegmaier  C,  McLean  C,  Baglietto  L,  Chanock  SJ,  Lissowska  J,  Shennan  ME,  Briming 
T,  Hamann  U,  Ko  YD,  Orr  N,  Schoemaker  M,  Ashworth  A,  Kosma  VM,  Kataja  V, 
Hartikainen  JM,  Mannennaa  A,  Swerdlow  A;  GENIC A-Network,  Giles  GG,  Brenner  H, 
Fasching  PA,  Chenevix-Trench  G,  Hopper  J,  Benitez  J,  Cox  A,  Andrulis  IL,  Lambrechts 
D,  Gago-Dominguez  M,  Couch  F,  Czene  K,  Bojesen  SE,  Easton  DF,  Schmidt  MK, 
Guenel  P,  Hall  P,  Pharoah  PD,  Garcia-Closas  M,  Chang-Claude  J.  Investigation  of  gene- 
environment  interactions  between  47  newly  identified  breast  cancer  susceptibility  loci 
and  environmental  risk  factors.  Int  J  Cancer.  136(6):E685-96,  2015.  PMC4289418. 

46.  Rudolph  A,  Fasching  PA,  Behrens  S,  Eilber  U,  Bolla  MK,  Wang  Q,  Thompson  D,  Czene 
K,  Brand  JS,  Li  J,  Scott  C,  Pankratz  VS,  Brandt  K,  Hallberg  E,  Olson  JE,  Lee  A, 
Beckmann  MW,  Ekici  AB,  Haeberle  L,  Maskarinec  G,  Le  Marchand  L,  Schumacher  F, 
Milne  RL,  Knight  JA,  Apicella  C,  Southey  MC,  Kapuscinski  MK,  Hopper  JL,  Andrulis 
IL,  Giles  GG,  Haiman  CA,  Khaw  KT,  Luben  R,  Hall  P,  Pharoah  PD,  Couch  FJ,  Easton 
DF,  Dos-Santos-Silva  I,  Vachon  C,  Chang-Claude  J.  A  comprehensive  evaluation  of 
interaction  between  genetic  variants  and  use  of  menopausal  honnone  therapy  on 
mammographic  density.  Breast  Cancer  Res.  17(1):  1 10,  2015.  PMC4537547. 

47.  Zhang  B,  Shu  XO,  Delahanty  RJ,  Zeng  C,  Michailidou  K,  Bolla  MK,  Wang  Q,  Dennis  J, 
Wen  W,  Long  J,  Li  C,  Dunning  AM,  Chang-Claude  J,  Shah  M,  Perkins  BJ,  Czene  K, 
Darabi  H,  Eriksson  M,  Bojesen  SE,  Nordestgaard  BG,  Nielsen  SF,  Flyger  H,  Lambrechts 
D,  Neven  P,  Wildiers  H,  Floris  G,  Schmidt  MK,  Rookus  MA,  van  den  Hurk  K,  de  Kort 
WL,  Couch  FJ,  Olson  JE,  Hallberg  E,  Vachon  C,  Rudolph  A,  Seibold  P,  Flesch-Janys  D, 
Peto  J,  Dos-Santos-Silva  I,  Fletcher  O,  Johnson  N,  Nevanlinna  H,  Muranen  TA, 
Aittomaki  K,  Blomqvist  C,  Li  J,  Humphreys  K,  Brand  J,  Guenel  P,  Truong  T,  Cordina- 
Duverger  E,  Menegaux  F,  Burwinkel  B,  Marine  F,  Yang  R,  Surowy  H,  Benitez  J,  Zamora 
MP,  Perez  JI,  Cox  A,  Cross  SS,  Reed  MW,  Andrulis  IL,  Knight  JA,  Glendon  G, 
Tchatchou  S,  Sawyer  EJ,  Tomlinson  I,  Kerin  MJ,  Miller  N,  Chenevix-Trench  G; 
kConFab  Investigators,  Australian  Ovarian  Study  Group,  Haiman  CA,  Henderson  BE, 
Schumacher  F,  Marchand  LL,  Lindblom  A,  Margolin  S,  Hooning  MJ,  Martens  JW, 
Tilanus-Linthorst  MM,  Collee  JM,  Hopper  JL,  Southey  MC,  Tsimiklis  H,  Apicella  C, 
Slager  S,  Toland  AE,  Ambrosone  CB,  Yannoukakos  D,  Giles  GG,  Milne  RL,  McLean  C, 
Fasching  PA,  Haeberle  L,  Ekici  AB,  Beckmann  MW,  Brenner  H,  Dieffenbach  AK,  Amdt 
V,  Stegmaier  C,  Swerdlow  AJ,  Ashworth  A,  Orr  N,  Jones  M,  Figueroa  J,  Garcia-Closas 
M,  Brinton  L,  Lissowska  J,  Dumont  M,  Winqvist  R,  Pylkas  K,  Jukkola-Vuorinen  A,  Grip 
M,  Brauch  H,  Briming  T,  Ko  YD,  Peterlongo  P,  Manoukian  S,  Bonanni  B,  Radice  P, 
Bogdanova  N,  Antonenkova  N,  Dork  T,  Mannennaa  A,  Kataja  V,  Kosma  VM, 
Hartikainen  JM,  Devilee  P,  Seynaeve  C,  Van  Asperen  CJ,  Jakubowska  A,  Lubinski  J, 
Jaworska-Bieniek  K,  Durda  K,  Hamann  U,  Torres  D,  Schmutzler  RK,  Neuhausen  SL, 
Anton-Culver  H,  Kristensen  VN,  Grenaker  A 1  rues  GI;  DRIVE  Project,  Pierce  BL,  Kraft 
P,  Peters  U,  Lindstrom  S,  Seminara  D,  Burgess  S,  Ahsan  H,  Whittemore  AS,  John  EM, 
Gammon  MD,  Malone  KE,  Tessier  DC,  Vincent  D,  Bacot  F,  Luccarini  C,  Baynes  C, 
Ahmed  S,  Maranian  M,  Healey  CS,  Gonzalez-Neira  A,  Pita  G,  Alonso  MR,  Alvarez  N, 
Herrero  D,  Pharoah  PD,  Simard  J,  Hall  P,  Hunter  DJ,  Easton  DF,  Zheng  W.  Height  and 


39 


Breast  Cancer  Risk:  Evidence  From  Prospective  Studies  and  Mendelian  Randomization.  J 
Natl  Cancer  Inst.  107(11),  2015.  PMC4643630. 

48.  Jamshidi  M,  Fagerholm  R,  Khan  S,  Aittomaki  K,  Czene  K,  Darabi  H,  Li  J,  Andrulis  IL, 
Chang-Claude  J,  Devilee  P,  Fasching  PA,  Michailidou  K,  Bolla  MK,  Dennis  J,  Wang  Q, 
Guo  Q,  Rhenius  V,  Cornelissen  S,  Rudolph  A,  Knight  JA,  Loehberg  CR,  Burwinkel  B, 
Marine  F,  Hopper  JL,  Southey  MC,  Bojesen  SE,  Flyger  H,  Brenner  H,  Holleczek  B, 
Margolin  S,  Mannermaa  A,  Kosma  VM,  Investigators  K,  Van  Dyck  L,  Nevelsteen  I, 
Couch  FJ,  Olson  JE,  Giles  GG,  McLean  C,  Haiman  CA,  Henderson  BE,  Winqvist  R, 
Pylkas  K,  Tollenaar  RA,  Garcia-Closas  M,  Figueroa  J,  Hooning  MJ,  Martens  JW,  Cox  A, 
Cross  SS,  Simard  J,  Dunning  AM,  Easton  DF,  Pharoah  PD,  Hall  P,  Blomqvist  C, 
Schmidt  MK,  Nevanlinna  H.  SNP-SNP  interaction  analysis  of  NF-kB  signaling  pathway 
on  breast  cancer  survival.  Oncotarget.  6(35):37979-94,  2015. 

49.  Stone  J,  Thompson  DJ,  Dos  Santos  Silva  I,  Scott  C,  Tamimi  RM,  Lindstrom  S,  Kraft  P, 
Hazra  A,  Li  J,  Eriksson  L,  Czene  K,  Hall  P,  Jensen  M,  Cunningham  J,  Olson  JE, 
Purrington  K,  Couch  FJ,  Brown  J,  Leyland  J,  Warren  RM,  Luben  RN,  Khaw  KT,  Smith 
P,  Wareham  NJ,  Jud  SM,  Heusinger  K,  Beckmann  MW,  Douglas  JA,  Shah  KP,  Chan  HP, 
Helvie  MA,  Le  Marchand  L,  Kolonel  LN,  Woolcott  C,  Maskarinec  G,  Haiman  C,  Giles 
GG,  Baglietto  L,  Krishnan  K,  Southey  MC,  Apicella  C,  Andrulis  IL,  Knight  JA,  Ursin  G, 
Alnaes  GI,  Kristensen  VN,  Borresen-Dale  AL,  Gram  IT,  Bolla  MK,  Wang  Q, 
Michailidou  K,  Dennis  J,  Simard  J,  Paroah  P,  Dunning  AM,  Easton  DF,  Fasching  PA, 
Pankratz  VS,  Hopper  JL,  Vachon  CM.  Novel  associations  between  common  breast 
cancer  susceptibility  variants  and  risk-predicting  mammographic  density  measures. 
Cancer  Res.  75(12):2457-67,  2015.  PMC4470785 

50.  Guo  X,  Long  J,  Zeng  C,  Michailidou  K,  Ghoussaini  M,  Bolla  MK,  Wang  Q,  Milne  RL, 
Shu  XO,  Cai  Q,  Beesley  J,  Kar  SP,  Andrulis  IL,  Anton-Culver  H,  Arndt  V,  Beckmann 
MW,  Beeghly-Fadiel  A,  Benitez  J,  Blot  W,  Bogdanova  N,  Bojesen  SE,  Brauch  H, 
Brenner  H,  Brinton  L,  Broeks  A,  Briming  T,  Burwinkel  B,  Cai  H,  Canisius  S,  Chang- 
Claude  J,  Choi  JY,  Couch  FJ,  Cox  A,  Cross  SS,  Czene  K,  Darabi  H,  Devilee  P,  Droit  A, 
Dork  T,  Fasching  PA,  Fletcher  O,  Flyger  H,  Fostira  F,  Gaborieau  V,  Garcia-Closas  M, 
Giles  GG,  Grip  M,  Guenel  P,  Haiman  CA,  Hamann  U,  Hartman  M,  Hollestelle  A, 
Hopper  JL,  Hsiung  CN,  Ito  H,  Jakubowska  A,  Johnson  N,  Kabisch  M,  Kang  D,  Khan  S, 
Knight  JA,  Kosma  VM,  Lambrechts  D,  Marchand  LL,  Li  J,  Lindblom  A,  Lophatananon 
A,  Lub inski  J,  Mannermaa  A,  Manoukian  S,  Margolin  S,  Marine  F,  Matsuo  K,  McLean 
CA,  Meindl  A,  Muir  K,  Neuhausen  SL,  Nevanlinna  H,  Nord  S,  Olson  JE,  Orr  N, 
Peterlongo  P,  Putti  TC,  Rudolph  A,  Sangrajrang  S,  Sawyer  EJ,  Schmidt  MK,  Schmutzler 
RK,  Shen  CY,  Shi  J,  Shrubsole  MJ,  Southey  MC,  Swerdlow  A,  Teo  SH,  Thienpont  B, 
Toland  AE,  Tollenaar  RA,  Tomlinson  IP,  Truong  T,  Tseng  CC,  van  den  Ouweland  A, 
Wen  W,  Winqvist  R,  Wu  A,  Yip  CH,  Zamora  MP,  Zheng  Y,  Hall  P,  Pharoah  PD,  Simard 
J,  Chenevix-Trench  G;  kConFab  Investigators,  Dunning  AM,  Easton  DF,  Zheng  W.  Fine- 
Scale  Mapping  of  the  4q24  Locus  Identifies  Two  Independent  Loci  Associated  with 
Breast  Cancer  Risk.  Cancer  Epidemiol  Biomarkers  Prev.  2015  Sep  9.  PMC4633342. 


40 


51.  Day  FR,  Ruth  KS,  Thompson  DJ,  Lunetta  KL,  Pervjakova  N,  Chasman  DI,  Stolk  L, 
Finucane  HK,  Sulem  P,  Bulik-Sullivan  B,  Esko  T,  Johnson  AD,  Elks  CE,  Franceschini  N, 
He  C,  Altmaier  E,  Brody  JA,  Franke  LL,  Huffman  JE,  Keller  MF,  McArdle  PF,  Nutile  T, 
Porcu  E,  Robino  A,  Rose  LM,  Schick  UM,  Smith  JA,  Teumer  A,  Traglia  M,  Vuckovic  D, 
Yao  J,  Zhao  W,  Albrecht  E,  Amin  N,  Corre  T,  Hottenga  JJ,  Mangino  M,  Smith  AV, 
Tanaka  T,  Abecasis  GR,  Andrulis  IL,  Anton-Culver  H,  Antoniou  AC,  Arndt  V,  Arnold 
AM,  Barbieri  C,  Beckmann  MW,  Beeghly-Fadiel  A,  Benitez  J,  Bernstein  L,  Bielinski  SJ, 
Blomqvist  C,  Boerwinkle  E,  Bogdanova  NV,  Bojesen  SE,  Bolla  MK,  Borresen-Dale  AL, 
Boutin  TS,  Brauch  H,  Brenner  H,  Briming  T,  Burwinkel  B,  Campbell  A,  Campbell  H, 
Chanock  SJ,  Chapman  JR,  Chen  YD,  Chenevix-Trench  G,  Couch  FJ,  Coviello  AD,  Cox 
A,  Czene  K,  Darabi  H,  De  Vivo  I,  Demerath  EW,  Dennis  J,  Devilee  P,  Dork  T,  Dos- 
Santos-Silva  I,  Dunning  AM,  Eicher  JD,  Fasching  PA,  Faul  JD,  Figueroa  J,  Flesch-Janys 
D,  Gandin  I,  Garcia  ME,  Garcia-Closas  M,  Giles  GG,  Girotto  GG,  Goldberg  MS, 
Gonzalez-Neira  A,  Goodarzi  MO,  Grove  ML,  Gudbjartsson  DF,  Guenel  P,  Guo  X, 
Haiman  CA,  Hall  P,  Hamann  U,  Henderson  BE,  Hocking  LJ,  Hofman  A,  Homuth  G, 
Hooning  MJ,  Hopper  JL,  Hu  FB,  Huang  J,  Humphreys  K,  Hunter  DJ,  Jakubowska  A, 
Jones  SE,  Kabisch  M,  Karasik  D,  Knight  JA,  Kolcic  I,  Kooperberg  C,  Kosma  VM, 
Kriebel  J,  Kristensen  V,  Lambrechts  D,  Langenberg  C,  Li  J,  Li  X,  Lindstrom  S,  Liu  Y, 
Luan  J,  Lubinski  J,  Magi  R,  Mannermaa  A,  Manz  J,  Margolin  S,  Marten  J,  Martin  NG, 
Masciullo  C,  Meindl  A,  Michailidou  K,  Mihailov  E,  Milani  L,  Milne  RL,  Muller- 
Nurasyid  M,  Nalls  M,  Neale  BM,  Nevanlinna  H,  Neven  P,  Newman  AB,  Nordestgaard 
BG,  Olson  JE,  Padmanabhan  S,  Peterlongo  P,  Peters  U,  Petersmann  A,  Peto  J,  Pharoah 
PD,  Pirastu  NN,  Pirie  A,  Pistis  G,  Polasek  O,  Porteous  D,  Psaty  BM,  Pylkas  K,  Radice  P, 
Raffel  LJ,  Rivadeneira  F,  Rudan  I,  Rudolph  A,  Ruggiero  D,  Sala  CF,  Sanna  S,  Sawyer 
EJ,  Schlessinger  D,  Schmidt  MK,  Schmidt  F,  Schmutzler  RK,  Schoemaker  MJ,  Scott  RA, 
Seynaeve  CM,  Simard  J,  Sorice  R,  Southey  MC,  Stockl  D,  Strauch  K,  Swerdlow  A, 
Taylor  KD,  Thorsteinsdottir  U,  Toland  AE,  Tomlinson  I,  Truong  T,  Tryggvadottir  L, 
Turner  ST,  Vozzi  D,  Wang  Q,  Wellons  M,  Willemsen  G,  Wilson  JF,  Winqvist  R, 
Wolffenbuttel  BB,  Wright  AF,  Yannoukakos  D,  Zemunik  T,  Zheng  W,  Zygmunt  M, 
Bergmann  S,  Boomsma  DI,  Buring  JE,  Ferrucci  L,  Montgomery  GW,  Gudnason  V, 
Spector  TD,  van  Duijn  CM,  Alizadeh  BZ,  Ciullo  M,  Crisponi  L,  Easton  DF,  Gasparini 
PP,  Gieger  C,  Harris  TB,  Hayward  C,  Kardia  SL,  Kraft  P,  McKnight  B,  Metspalu  A, 
Morrison  AC,  Reiner  AP,  Ridker  PM,  Rotter  JI,  Toniolo  D,  Uitterlinden  AG,  Ulivi  S, 
Vdlzke  H,  Wareham  NJ,  Weir  DR,  Yerges- Armstrong  LM;  PRACTICAL  Consortium; 
kConFab  Investigators;  AOCS  Investigators;  Generation  Scotland;  EPIC-InterAct 
Consortium;  LifeLines  Cohort  Study,  Price  AL,  Stefansson  K,  Visser  JA,  Ong  KK, 
Chang-Claude  J,  Murabito  JM,  Perry  JR,  Murray  A.  Large-scale  genomic  analyses  link 
reproductive  aging  to  hypothalamic  signaling,  breast  cancer  susceptibility  and  BRCA1- 
mediated  DNA  repair.  Nat  Genet.  47(1 1)1294-303,  2015.  PMC4661791. 

52.  Thompson  DJ,  O’Mara  TA,  Glubb  DM,  Painter  JN,  Cheng  T,  Folkerd  E,  Doody  D, 
Dennis  J,  Webb  PM,  Gonnan  M,  Martin  L,  Hodgson  S,  Michailidou  K,  Tyrer  JP, 
Maranian  MJ,  Hall  P,  Czene  K,  Darabi  H,  Li  J,  Fasching  PA,  Hein  A,  Beckmann  MW, 
Ekici  AB,  Dork  T,  Hillemanns  P,  Durst  M,  Runnebaum  I,  Zhao  H,  Depreeuw  J, 
Schrauwen  S,  Amant  F,  Goode  EL,  Fridley  BL,  Dowdy  SC,  Winham  SJ,  Salvesen  HB, 
Trovik  J,  Njolstad  TS,  Werner  HM,  Ashton  K,  Proietto  T,  Otton  G,  Carvajal-Carmona  L, 


41 


Tham  E,  Liu  T,  Mints  M,  Scott  RJ,  McEvoy  M,  Attia  J,  Holliday  EG,  Montgomery  GW, 
Martin  NG,  Nyholt  DR,  Henders  AK,  Hopper  JL,  Tralicante  N,  Ruebner  M,  Swerdlow 
AJ,  Burwinkel  B,  Brenner  H,  Meindl  A,  Brauch  H,  Lindblom  A,  Lambrechts  D,  Chang- 
Claude  J,  Couch  F,  Giles  G,  Kristensen  VN,  Cox  A,  Bolla  MK,  Wang  Q,  Bojesen  SE, 
Shah  M,  Luben  R,  Khaw  KT,  Pharoah  PD,  Dunning  AM,  Tomlinson  I,  Dowsett  M, 
Easton  DF,  Spurdle  AB.  CYP19A1  fine -mapping  and  Mendelian  randomisation:  estradiol 
is  causal  for  endometrial  cancer.  Endocr  Relat  Cancer.  23(2):77-91,  2016.  PMC4697192. 

53.  Seibold  P,  Schmezer  P,  Behrens  S,  Michailidou  K,  Bolla  MK,  Wang  Q,  Flesch-Janys  D, 
Nevanlinna  H,  Fagerhohn  R,  Aittomaki  K,  Blomqvist  C,  Margolin  S,  Mannennaa  A, 
Kataja  V,  Kosma  VM,  Hartikainen  JM,  Lambrechts  D,  Wildiers  H,  Kristensen  V,  Alnaes 
GG,  Nord  S,  Borresen-Dale  AL,  Hooning  MJ,  Hollestelle  A,  Jager  A,  Seynaeve  C,  Li  J, 
Liu  J,  Humphreys  K,  Dunning  AM,  Rhenius  V,  Shah  M,  Kabisch  M,  Torres  D,  Ulmer 
HU,  Hamann  U,  Schildkraut  JM,  Purrington  KS,  Couch  FJ,  Hall  P,  Pharoah  P,  Easton 
DF,  Schmidt  MK,  Chang-Claude  J,  Popanda  O.  A  polymorphism  in  the  base  excision 
repair  gene  PARP2  is  associated  with  differential  prognosis  by  chemotherapy  among 
postmenopausal  breast  cancer  patients.  BMC  Cancer.  15(1):978,  2015.  PMC4682235. 

54.  Meeks  HD,  Song  H,  Michailidou  K,  Bolla  MK,  Dennis  J,  Wang  Q,  Barrowdale  D,  Frost 
D;  EMBRACE,  McGuffog  L,  Ellis  S,  Feng  B,  Buys  SS,  Hopper  JL,  Southey  MC, 
Tesoriero  A;  kConFab  Investigators,  James  PA,  Bruinsma  F,  Campbell  IG;  Australia 
Ovarian  Cancer  Study  Group,  Broeks  A,  Schmidt  MK,  Hogervorst  FB;  HEBON, 
Beckman  MW,  Fasching  PA,  Fletcher  O,  Johnson  N,  Sawyer  EJ,  Riboli  E,  Banerjee  S, 
Menon  U,  Tomlinson  I,  Burwinkel  B,  Hamann  U,  Marine  F,  Rudolph  A,  Janavicius  R, 
Tihomirova  L,  Tung  N,  Garber  J,  Cramer  D,  Terry  KL,  Poole  EM,  Tworoger  SS, 
Dorfling  CM,  van  Rensburg  EJ,  Godwin  AK,  Guenel  P,  Truong  T;  GEMO  Study 
Collaborators,  Stoppa-Lyonnet  D,  Damiola  F,  Mazoyer  S,  Sinilnikova  OM,  Isaacs  C, 
Maugard  C,  Bojesen  SE,  Flyger  H,  Gerdes  AM,  Hansen  TV,  Jensen  A,  Kjaer  SK, 
Hogdall  C,  Hogdall  E,  Pedersen  IS,  Thomassen  M,  Benitez  J,  Gonzalez-Neira  A,  Osorio 
A,  Hoya  Mde  L,  Segura  PP,  Diez  O,  Lazaro  C,  Brunet  J,  Anton-Culver  H,  Eunjung  L, 
John  EM,  Neuhausen  SL,  Ding  YC,  Castillo  D,  Weitzel  JN,  Ganz  PA,  Nussbaum  RL, 
Chan  SB,  Karlan  BY,  Lester  J,  Wu  A,  Gayther  S,  Ramus  SJ,  Sieh  W,  Whittennore  AS, 
Monteiro  AN,  Phelan  CM,  Terry  MB,  Piedmonte  M,  Offit  K,  Robson  M,  Levine  D, 
Moysich  KB,  Cannioto  R,  Olson  SH,  Daly  MB,  Nathanson  KL,  Domchek  SM,  Lu  KH, 
Liang  D,  Hildebrant  MA,  Ness  R,  Modugno  F,  Pearce  L,  Goodman  MT,  Thompson  PJ, 
Brenner  H,  Butterbach  K,  Meindl  A,  Hahnen  E,  Wappenschmidt  B,  Brauch  H,  Briining 
T,  Blomqvist  C,  Khan  S,  Nevanlinna  H,  Pelttari  LM,  Aittomaki  K,  Butzow  R,  Bogdanova 
NV,  Dork  T,  Lindblom  A,  Margolin  S,  Rantala  J,  Kosma  VM,  Mannermaa  A, 
Lambrechts  D,  Neven  P,  Claes  KB,  Maerken  TV,  Chang-Claude  J,  Flesch-Janys  D,  Heitz 
F,  Varon-Mateeva  R,  Peterlongo  P,  Radice  P,  Viel  A,  Barile  M,  Peissel  B,  Manoukian  S, 
Montagna  M,  Oliani  C,  Peixoto  A,  Teixeira  MR,  Collavoli  A,  Hallberg  E,  Olson  JE, 
Goode  EL,  Hart  SN,  Shimelis  H,  Cunningham  JM,  Giles  GG,  Milne  RL,  Healey  S, 
Tucker  K,  Haiman  CA,  Henderson  BE,  Goldberg  MS,  Tischkowitz  M,  Simard  J,  Soucy 
P,  Eccles  DM,  Le  N,  Borresen-Dale  AL,  Kristensen  V,  Salvesen  HB,  Bjorge  L,  Bandera 
EV,  Risch  H,  Zheng  W,  Beeghly-Fadiel  A,  Cai  H,  Pylkas  K,  Tollenaar  RA,  Ouweland 
AM,  Andrulis  IL,  Knight  JA;  OCGN,  Narod  S,  Devilee  P,  Winqvist  R,  Figueroa  J, 


42 


Greene  MH,  Mai  PL,  Loud  JT,  Garcia-Closas  M,  Schoemaker  MJ,  Czene  K,  Darabi  H, 
McNeish  I,  Siddiquil  N,  Glasspool  R,  Kwong  A,  Park  SK,  Teo  SH,  Yoon  SY,  Matsuo  K, 
Hosono  S,  Woo  YL,  Gao  YT,  Foretova  L,  Singer  CF,  Rappaport-Feurhauser  C,  Friedman 
E,  Laitman  Y,  Rennert  G,  Imyanitov  EN,  Hulick  PJ,  Olopade  01,  Senter  L,  Olah  E, 
Doherty  JA,  Schildkraut  J,  Koppert  LB,  Kiemeney  LA,  Massuger  LF,  Cook  LS,  Pejovic 
T,  Li  J,  Borg  A,  Ofverholm  A,  Rossing  MA,  Wentzensen  N,  Henriksson  K,  Cox  A,  Cross 
SS,  Pasini  BJ,  Shah  M,  Kabisch  M,  Torres  D,  Jakubowska  A,  Lubinski  J,  Gronwald  J, 
Agnarsson  BA,  Kupryjanczyk  J,  Moes-Sosnowska  J,  Fostira  F,  Konstantopoulou  I, 
Slager  S,  Jones  M;  PRostate  cancer  Association  group  To  Investigate  Cancer  Associated 
aLterations  in  the  genome,  Antoniou  AC,  Berchuck  A,  Swerdlow  A,  Chenevix-Trench  G, 
Dunning  AM,  Pharoah  PD,  Hall  P,  Easton  DF,  Couch  FJ,  Spurdle  AB,  Goldgar  DE. 
BRCA2  Polymorphic  Stop  Codon  K3326X  and  the  Risk  of  Breast,  Prostate,  and  Ovarian 
Cancers.J  Natl  Cancer  Inst.  108(2),  2015. 

55.  Davies  NM,  Gaunt  TR,  Lewis  SJ,  Holly  J,  Donovan  JL,  Hamdy  FC,  Kemp  JP,  Eeles  R, 
Easton  D,  Kote-Jarai  Z,  A1  Olama  AA,  Benlloch  S,  Muir  K,  Giles  GG,  Wiklund  F, 
Gronberg  H,  Haiman  CA,  Schleutker  J,  Nordestgaard  BG,  Travis  RC,  Neal  D,  Pashayan 
N,  Khaw  KT,  Stanford  JL,  Blot  WJ,  Thibodeau  S,  Maier  C,  Kibel  AS,  Cybulski  C, 
Cannon-Albright  L,  Brenner  H,  Park  J,  Kaneva  R,  Batra  J,  Teixeira  MR,  Pandha  H; 
PRACTICAL  consortium,  Lathrop  M,  Smith  GD,  Martin  RM.  The  effects  of  height  and 
BMI  on  prostate  cancer  incidence  and  mortality:  a  Mendelian  randomization  study  in 
20,848  cases  and  20,214  controls  from  the  PRACTICAL  consortium.  Cancer  Causes 
Control.  26(11):  1603-16,  2015.  PMC4596899. 

56.  Lei  J,  Rudolph  A,  Moysich  KB,  Behrens  S,  Goode  EL,  Bolla  MK,  Dennis  J,  Dunning 
AM,  Easton  DF,  Wang  Q,  Benitez  J,  Hopper  JL,  Southey  MC,  Schmidt  MK,  Broeks  A, 
Fasching  PA,  Haeberle  L,  Peto  J,  Dos-Santos-Silva  I,  Sawyer  EJ,  Tomlinson  I,  Burwinkel 
B,  Marine  F,  Guenel  P,  Truong  T,  Bojesen  SE,  Flyger  H,  Nielsen  SF,  Nordestgaard  BG, 
Gonzalez-Neira  A,  Menendez  P,  Anton-Culver  H,  Neuhausen  SL,  Brenner  H,  Arndt  V, 
Meindl  A,  Schmutzler  RK,  Brauch  H,  Hamann  U,  Nevanlinna  H,  Fagerhohn  R,  Dork  T, 
Bogdanova  NV,  Mannennaa  A,  Hartikainen  JM;  Australian  Ovarian  Study  Group; 
kConFab  Investigators,  Van  Dijck  L,  Smeets  A,  Flesch-Janys  D,  Eilber  U,  Radice  P, 
Peterlongo  P,  Couch  FJ,  Hallberg  E,  Giles  GG,  Milne  RL,  Haiman  CA,  Schumacher  F, 
Simard  J,  Goldberg  MS,  Kristensen  V,  Borresen-Dale  AL,  Zheng  W,  Beeghly-Fadiel  A, 
Winqvist  R,  Grip  M,  Andrulis  IL,  Glendon  G,  Garcia-Closas  M,  Figueroa  J,  Czene  K, 
Brand  JS,  Darabi  H,  Eriksson  M,  Hall  P,  Li  J,  Cox  A,  Cross  SS,  Pharoah  PD,  Shah  M, 
Kabisch  M,  Torres  D,  Jakubowska  A,  Lubinski  J,  Ademuyiwa  F,  Ambrosone  CB, 
Swerdlow  A,  Jones  M,  Chang-Claude  J.  Genetic  variation  in  the  immunosuppression 
pathway  genes  and  breast  cancer  susceptibility:  a  pooled  analysis  of  42,510  cases  and 
40,577  controls  from  the  Breast  Cancer  Association  Consortium.  Hum  Genet. 
135(1):  137-54,  2016.  PMC4698282. 

57.  Silvestri  V,  Barrowdale  D,  Mulligan  AM,  Neuhausen  SL,  Fox  S,  Karlan  BY,  Mitchell  G, 
James  P,  Thull  DL,  Zom  KK,  Carter  NJ,  Nathanson  KL,  Domchek  SM,  Rebbeck  TR, 
Ramus  SJ,  Nussbaum  RL,  Olopade  OI,  Rantala  J,  Yoon  SY,  Caligo  MA,  Spugnesi  L, 
Bojesen  A,  Pedersen  IS,  Thomassen  M,  Jensen  UB,  Toland  AE,  Senter  L,  Andrulis  IL, 


43 


Glendon  G,  Hulick  PJ,  Imyanitov  EN,  Greene  MH,  Mai  PL,  Singer  CF,  Rappaport- 
Fuerhauser  C,  Kramer  G,  Vijai  J,  Offit  K,  Robson  M,  Lincoln  A,  Jacobs  L,  Machackova 
E,  Foretova  L,  Navratilova  M,  Vasickova  P,  Couch  FJ,  Hallberg  E,  Ruddy  KJ,  Sharma  P, 
Kim  SW;  kConFab  Investigators,  Teixeira  MR,  Pinto  P,  Montagna  M,  Matricardi  L, 
Arason  A,  Johannsson  OT,  Barkardottir  RB,  Jakubowska  A,  Lubinski  J,  Izquierdo  A, 
Pujana  MA,  Balmana  J,  Diez  O,  Ivady  G,  Papp  J,  Olah  E,  Kwong  A;  Hereditary  Breast 
and  Ovarian  Cancer  Research  Group  Netherlands  (HEBON),  Nevanlinna  H,  Aittomaki 
K,  Perez  Segura  P,  Caldes  T,  Van  Maerken  T,  Poppe  B,  Claes  KB,  Isaacs  C,  Elan  C, 
Lasset  C,  Stoppa-Lyonnet  D,  Barjhoux  L,  Belotti  M,  Meindl  A,  Gehrig  A,  Sutter  C, 
Engel  C,  Niederacher  D,  Steinemann  D,  Hahnen  E,  Kast  K,  Arnold  N,  Varon-Mateeva  R, 
Wand  D,  Godwin  AK,  Evans  DG,  Frost  D,  Perkins  J,  Adlard  J,  Izatt  L,  Platte  R,  Eeles  R, 
Ellis  S;  EMBRACE,  Hamann  U,  Garber  J,  Fostira  F,  Fountzilas  G,  Pasini  B,  Giannini  G, 
Rizzolo  P,  Russo  A,  Cortesi  L,  Papi  L,  Varesco  L,  Palli  D,  Zanna  I,  Savarese  A,  Radice 
P,  Manoukian  S,  Peissel  B,  Barile  M,  Bonanni  B,  Viel  A,  Pensotti  V,  Tommasi  S, 
Peterlongo  P,  Weitzel  JN,  Osorio  A,  Benitez  J,  McGuffog  L,  Healey  S,  Gerdes  AM, 
Ejlertsen  B,  Hansen  TV,  Steele  L,  Ding  YC,  Tung  N,  Janavicius  R,  Goldgar  DE,  Buys 
SS,  Daly  MB,  Bane  A,  Terry  MB,  John  EM,  Southey  M,  Easton  DF,  Chenevix-Trench  G, 
Antoniou  AC,  Ottini  L.  Male  breast  cancer  in  BRCA1  and  BRCA2  mutation  carriers: 
pathology  data  from  the  Consortium  of  Investigators  of  Modifiers  of  BRCA1/2.  Breast 
Cancer  Res.  18(1):15,  2016.  PMC4746828. 

58.  Petridis  C,  Brook  MN,  Shah  V,  Kohut  K,  Gorman  P,  Caneppele  M,  Levi  D,  Papouli  E, 
Orr  N,  Cox  A,  Cross  SS,  Dos-Santos-Silva  I,  Peto  J,  Swerdlow  A,  Schoemaker  MJ,  Bolla 
MK,  Wang  Q,  Dennis  J,  Michailidou  K,  Benitez  J,  Gonzalez-Neira  A,  Tessier  DC, 
Vincent  D,  Li  J,  Figueroa  J,  Kristensen  V,  Borresen-Dale  AL,  Soucy  P,  Simard  J,  Milne 
RL,  Giles  GG,  Margolin  S,  Lindblom  A,  Briining  T,  Brauch  H,  Southey  MC,  Hopper  JL, 
Dork  T,  Bogdanova  NV,  Kabisch  M,  Hamann  U,  Schmutzler  RK,  Meindl  A,  Brenner  H, 
Amdt  V,  Winqvist  R,  Pylkas  K,  Fasching  PA,  Beckmann  MW,  Lubinski  J,  Jakubowska 
A,  Mulligan  AM,  Andrulis  IL,  Tollenaar  RA,  Devilee  P,  Le  Marchand  L,  Haiman  CA, 
Mannermaa  A,  Kosma  VM,  Radice  P,  Peterlongo  P,  Marine  F,  Burwinkel  B,  van 
Deurzen  CH,  Hollestelle  A,  Miller  N,  Kerin  MJ,  Lambrechts  D,  Floris  G,  Wesseling  J, 
Flyger  H,  Bojesen  SE,  Yao  S,  Ambrosone  CB,  Chenevix-Trench  G,  Truong  T,  Guenel  P, 
Rudolph  A,  Chang-Claude  J,  Nevanlinna  H,  Blomqvist  C,  Czene  K,  Brand  JS,  Olson  JE, 
Couch  FJ,  Dunning  AM,  Hall  P,  Easton  DF,  Pharoah  PD,  Pinder  SE,  Schmidt  MK, 
Tomlinson  I,  Roylance  R,  Garcia-Closas  M,  Sawyer  EJ.  Genetic  predisposition  to  ductal 
carcinoma  in  situ  of  the  breast.  Breast  Cancer  Res.  18(1):22,  2016.  PMC4756509. 

59.  Easton  DF,  Lesueur  F,  Decker  B,  Michailidou  K,  Li  J,  Allen  J,  Luccarini  C,  Pooley  KA, 
Shah  M,  Bolla  MK,  Wang  Q,  Dennis  J,  Ahmad  J,  Thompson  ER,  Damiola  F,  Pertesi  M, 
Voegele  C,  Mebirouk  N,  Robinot  N,  Durand  G,  Forey  N,  Luben  RN,  Ahmed  S, 
Aittomaki  K,  Anton-Culver  H,  Arndt  V;  Australian  Ovarian  Cancer  Study  Group,  Baynes 
C,  Beckman  MW,  Benitez  J,  Van  Den  Berg  D,  Blot  WJ,  Bogdanova  NV,  Bojesen  SE, 
Brenner  H,  Chang-Claude  J,  Chia  KS,  Choi  JY,  Conroy  DM,  Cox  A,  Cross  SS,  Czene  K, 
Darabi  H,  Devilee  P,  Eriksson  M,  Fasching  PA,  Figueroa  J,  Flyger  H,  Fostira  F,  Garcia- 
Closas  M,  Giles  GG,  Glendon  G,  Gonzalez-Neira  A,  Guenel  P,  Haiman  CA,  Hall  P,  Hart 
SN,  Hartman  M,  Hooning  MJ,  Hsiung  CN,  Ito  H,  Jakubowska  A,  James  PA,  John  EM, 
Johnson  N,  Jones  M,  Kabisch  M,  Kang  D;  kConFab  Investigators,  Kosma  VM, 


44 


Kristensen  V,  Lambrechts  D,  Li  N;  Lifepool  Investigators,  Lindblom  A,  Long  J, 
Lophatananon  A,  Lubinski  J,  Mannermaa  A,  Manoukian  S,  Margolin  S,  Matsuo  K, 
Meindl  A,  Mitchell  G,  Muir  K;  NBCS  Investigators,  Nevelsteen  I,  van  den  Ouweland  A, 
Peterlongo  P,  Phuah  SY,  Pylkas  K,  Rowley  SM,  Sangrajrang  S,  Schmutzler  RK,  Shen 
CY,  Shu  XO,  Southey  MC,  Surowy  H,  Swerdlow  A,  Teo  SH,  Tollenaar  RA,  Tomlinson 

I,  Torres  D,  Truong  T,  Vachon  C,  Verhoef  S,  Wong-Brown  M,  Zheng  W,  Zheng  Y, 
Nevanlinna  H,  Scott  RJ,  Andrulis  IL,  Wu  AH,  Hopper  JL,  Couch  FJ,  Winqvist  R, 
Burwinkel  B,  Sawyer  EJ,  Schmidt  MK,  Rudolph  A,  Dork  T,  Brauch  H,  Hamann  U, 
Neuhausen  SL,  Milne  RL,  Fletcher  O,  Pharoah  PD,  Campbell  IG,  Dunning  AM,  Le 
Calvez-Kehn  F,  Goldgar  DE,  Tavtigian  SV,  Chenevix-Trench  G.  No  evidence  that 
protein  truncating  variants  in  BRIP1  are  associated  with  breast  cancer  risk:  implications 
for  gene  panel  testing.  J  Med  Genet.  53(5):298-309,  2016.  PMC4938802 

60.  Couch  FJ,  Kuchenbaecker  KB,  Michailidou  K,  Mendoza-Fandino  GA,  Nord  S,  Lilyquist 

J,  Olswold  C,  Hallberg  E,  Agata  S,  Ahsan  H,  Aittomaki  K,  Ambrosone  C,  Andrulis  IL, 
Anton-Culver  H,  Arndt  V,  Arun  BK,  Arver  B,  Barile  M,  Barkardottir  RB,  Barrowdale  D, 
Beckmann  L,  Beckmann  MW,  Benitez  J,  Blank  SV,  Blomqvist  C,  Bogdanova  NV, 
Bojesen  SE,  Bolla  MK,  Bonanni  B,  Brauch  H,  Brenner  H,  Burwinkel  B,  Buys  SS,  Caldes 
T,  Caligo  MA,  Canzian  F,  Carpenter  J,  Chang-Claude  J,  Chanock  SJ,  Chung  WK,  Claes 
KB,  Cox  A,  Cross  SS,  Cunningham  JM,  Czene  K,  Daly  MB,  Damiola  F,  Darabi  H,  de  la 
Hoya  M,  Devilee  P,  Diez  O,  Ding  YC,  Dolcetti  R,  Domchek  SM,  Dorfling  CM,  Dos- 
Santos-Silva  I,  Dumont  M,  Dunning  AM,  Eccles  DM,  Ehrencrona  H,  Ekici  AB,  Eliassen 
H,  Ellis  S,  Fasching  PA,  Figueroa  J,  Flesch-Janys  D,  Forsti  A,  Fostira  F,  Foulkes  WD, 
Friebel  T,  Friedman  E,  Frost  D,  Gabrielson  M,  Gammon  MD,  Ganz  PA,  Gapstur  SM, 
Garber  J,  Gaudet  MM,  Gayther  SA,  Gerdes  AM,  Ghoussaini  M,  Giles  GG,  Glendon  G, 
Godwin  AK,  Goldberg  MS,  Goldgar  DE,  Gonzalez-Neira  A,  Greene  MH,  Gronwald  J, 
Guenel  P,  Gunter  M,  Haeberle  L,  Haiman  CA,  Hamann  U,  Hansen  TV,  Hart  S,  Healey  S, 
Heikkinen  T,  Henderson  BE,  Herzog  J,  Hogervorst  FB,  Hollestelle  A,  Hooning  MJ, 
Hoover  RN,  Hopper  JL,  Humphreys  K,  Hunter  DJ,  Huzarski  T,  Imyanitov  EN,  Isaacs  C, 
Jakubowska  A,  James  P,  Janavicius  R,  Jensen  UB,  John  EM,  Jones  M,  Kabisch  M,  Kar  S, 
Karlan  BY,  Khan  S,  Khaw  KT,  Kibriya  MG,  Knight  JA,  Ko  YD,  Konstantopoulou  I, 
Kosma  VM,  Kristensen  V,  Kwong  A,  Laitman  Y,  Lambrechts  D,  Lazaro  C,  Lee  E,  Le 
Marchand  L,  Lester  J,  Lindblom  A,  Lindor  N,  Lindstrom  S,  Liu  J,  Long  J,  Lubinski  J, 
Mai  PL,  Makalic  E,  Malone  KE,  Mannermaa  A,  Manoukian  S,  Margolin  S,  Marine  F, 
Martens  JW,  McGuffog  L,  Meindl  A,  Miller  A,  Milne  RL,  Miron  P,  Montagna  M, 
Mazoyer  S,  Mulligan  AM,  Muranen  TA,  Nathanson  KL,  Neuhausen  SL,  Nevanlinna  H, 
Nordestgaard  BG,  Nussbaum  RL,  Offit  K,  Olah  E,  Olopade  01,  Olson  JE,  Osorio  A,  Park 
SK,  Peeters  PH,  Peissel  B,  Peterlongo  P,  Peto  J,  Phelan  CM,  Pilarski  R,  Poppe  B,  Pylkas 

K,  Radice  P,  Rahman  N,  Rantala  J,  Rappaport  C,  Rennert  G,  Richardson  A,  Robson  M, 
Romieu  I,  Rudolph  A,  Rutgers  EJ,  Sanchez  MJ,  Santella  RM,  Sawyer  EJ,  Schmidt  DF, 
Schmidt  MK,  Schmutzler  RK,  Schumacher  F,  Scott  R,  Senter  L,  Shanna  P,  Simard  J, 
Singer  CF,  Sinilnikova  OM,  Soucy  P,  Southey  M,  Steinemann  D,  Stenmark-Askmalm  M, 
Stoppa-Lyonnet  D,  Swerdlow  A,  Szabo  Cl,  Tamimi  R,  Tapper  W,  Teixeira  MR,  Teo  SH, 
Terry  MB,  Thomassen  M,  Thompson  D,  Tihomirova  L,  Toland  AE,  Tollenaar  RA, 
Tomlinson  I,  Truong  T,  Tsimiklis  H,  Teule  A,  Tumino  R,  Tung  N,  Turnbull  C,  Ursin  G, 
van  Deurzen  CH,  van  Rensburg  EJ,  Varon-Mateeva  R,  Wang  Z,  Wang-Gohrke  S, 


45 


Weiderpass  E,  Weitzel  JN,  Whittemore  A,  Wildiers  H,  Winqvist  R,  Yang  XR, 
Yannoukakos  D,  Yao  S,  Zamora  MP,  Zheng  W,  Hall  P,  Kraft  P,  Vachon  C,  Slager  S, 
Chenevix-Trench  G,  Pharoah  PD,  Monteiro  AA,  Garcla-Closas  M,  Easton  DF,  Antoniou 
AC.  Identification  of  four  novel  susceptibility  loci  for  oestrogen  receptor  negative  breast 
cancer.  Nat  Coinmun.  7:1 1375.  2016.  PMC4853421.. 

61.  Dunning  AM,  Michailidou  K,  Kuchenbaecker  KB,  Thompson  D,  French  JD,  Beesley  J, 
Healey  CS,  Kar  S,  Pooley  KA,  Lopez-Knowles  E,  Dicks  E,  Barrowdale  D,  Sinnott- 
Armstrong  NA,  Sallari  RC,  Hillman  KM,  Kaufmann  S,  Sivakumaran  H,  Marjaneh  MM, 
Lee  JS,  Hills  M,  Jarosz  M,  Drury  S,  Canisius  S,  Bolla  MK,  Dennis  J,  Wang  Q,  Hopper 
JL,  Southey  MC,  Broeks  A,  Schmidt  MK,  Lophatananon  A,  Muir  K,  Beckmann  MW, 
Fasching  PA,  Dos-Santos-Silva  I,  Peto  J,  Sawyer  EJ,  Tomlinson  I,  Burwinkel  B,  Marine 
F,  Guenel  P,  Truong  T,  Bojesen  SE,  Flyger  H,  Gonzalez-Neira  A,  Perez  JI,  Anton-Culver 
H,  Eunjung  L,  Arndt  V,  Brenner  H,  Meindl  A,  Schmutzler  RK,  Brauch  H,  Hamann  U, 
Aittomaki  K,  Blomqvist  C,  Ito  H,  Matsuo  K,  Bogdanova  N,  Dork  T,  Lindblom  A, 
Margolin  S,  Kosma  VM,  Mannennaa  A,  Tseng  CC,  Wu  AH,  Lambrechts  D,  Wildiers  H, 
Chang-Claude  J,  Rudolph  A,  Peterlongo  P,  Radice  P,  Olson  JE,  Giles  GG,  Milne  RL, 
Haiman  CA,  Henderson  BE,  Goldberg  MS,  Teo  SH,  Yip  CH,  Nord  S,  Borresen-Dale  AL, 
Kristensen  V,  Long  J,  Zheng  W,  Pylkas  K,  Winqvist  R,  Andrulis  IL,  Knight  JA,  Devilee 
P,  Seynaeve  C,  Figueroa  J,  Sherman  ME,  Czene  K,  Darabi  H,  Hollestelle  A,  van  den 
Ouweland  AM,  Humphreys  K,  Gao  YT,  Shu  XO,  Cox  A,  Cross  SS,  Blot  W,  Cai  Q, 
Ghoussaini  M,  Perkins  BJ,  Shah  M,  Choi  JY,  Kang  D,  Lee  SC,  Hartman  M,  Kabisch  M, 
Torres  D,  Jakubowska  A,  Lubinski  J,  Brennan  P,  Sangrajrang  S,  Ambrosone  CB,  Toland 
AE,  Shen  CY,  Wu  PE,  Orr  N,  Swerdlow  A,  McGuffog  L,  Healey  S,  Lee  A,  Kapuscinski 

M,  John  EM,  Terry  MB,  Daly  MB,  Goldgar  DE,  Buys  SS,  Janavicius  R,  Tihomirova  L, 
Tung  N,  Dorfling  CM,  van  Rensburg  EJ,  Neuhausen  SL,  Ejlertsen  B,  Hansen  TV,  Osorio 
A,  Benitez  J,  Rando  R,  Weitzel  JN,  Bonanni  B,  Peissel  B,  Manoukian  S,  Papi  L,  Ottini  L, 
Konstantopoulou  I,  Apostolou  P,  Gar65ber  J,  Rashid  MU,  Frost  D;  EMBRACE,  Izatt  L, 
Ellis  S,  Godwin  AK,  Arnold  N,  Niederacher  D,  Rhiem  K,  Bogdanova-Markov  N,  Sagne 
C,  Stoppa-Lyonnet  D,  Damiola  F;  GEMO  Study  Collaborators,  Sinilnikova  OM, 
Mazoyer  S,  Isaacs  C,  Claes  KB,  De  Leeneer  K,  de  la  Hoya  M,  Caldes  T,  Nevanlinna  H, 
Khan  S,  Mensenkamp  AR;  HEBON,  Hooning  MJ,  Rookus  MA,  Kwong  A,  Olah  E,  Diez 
O,  Brunet  J,  Pujana  MA,  Gronwald  J,  Huzarski  T,  Barkardottir  RB,  Laframboise  R, 
Soucy  P,  Montagna  M,  Agata  S,  Teixeira  MR;  kConFab  Investigators,  Park  SK,  Lindor 

N,  Couch  FJ,  Tischkowitz  M,  Foretova  L,  Vijai  J,  Offit  K,  Singer  CF,  Rappaport  C, 
Phelan  CM,  Greene  MH,  Mai  PL,  Rennert  G,  Imyanitov  EN,  Hulick  PJ,  Phillips  KA, 
Piedmonte  M,  Mulligan  AM,  Glendon  G,  Bojesen  A,  Thomassen  M,  Caligo  MA,  Yoon 
SY,  Friedman  E,  Laitman  Y,  Borg  A,  von  Wachenfeldt  A,  Ehrencrona  H,  Rantala  J, 
Olopade  01,  Ganz  PA,  Nussbaum  RL,  Gayther  SA,  Nathanson  KL,  Domchek  SM,  Arun 
BK,  Mitchell  G,  Karlan  BY,  Lester  J,  Maskarinec  G,  Woolcott  C,  Scott  C,  Stone  J, 
Apicella  C,  Tamimi  R,  Luben  R,  Khaw  KT,  Helland  A,  Haakensen  V,  Dowsett  M, 
Pharoah  PD,  Simard  J,  Hall  P,  Garcia-Closas  M,  Vachon  C,  Chenevix-Trench  G, 
Antoniou  AC,  Easton  DF,  Edwards  SL.  Breast  cancer  risk  variants  at  6q25  display 
different  phenotype  associations  and  regulate  ESR1,  RMND1  and  CCDC170.  Nat  Genet. 
48(4):374-86,  2016.  PMC4938803. 


46 


62.  Shi  J,  Zhang  Y,  Zheng  W,  Michailidou  K,  Ghoussaini  M,  Bolla  MK,  Wang  Q,  Dennis  J, 
Lush  M,  Milne  RL,  Shu  XO,  Beesley  J,  Kar  S,  Andrulis  IL,  Anton-Culver  H,  Arndt  V, 
Beckmann  MW,  Zhao  Z,  Guo  X,  Benitez  J,  Beeghly-Fadiel  A,  Blot  W,  Bogdanova  NV, 
Bojesen  SE,  Brauch  H,  Brenner  H,  Brinton  L,  Broeks  A,  B  riming  T,  Burwinkel  B,  Cai  H, 
Canisius  S,  Chang-Claude  J,  Choi  JY,  Couch  FJ,  Cox  A,  Cross  SS,  Czene  K,  Darabi  H, 
Devilee  P,  Droit  A,  Dork  T,  Fasching  PA,  Fletcher  O,  Flyger  H,  Fostira  F,  Gaborieau  V, 
Garcia-Closas  M,  Giles  GG,  Grip  M,  Guenel  P,  Haiman  CA,  Hamann  U,  Hartman  M, 
Miao  H,  Hollestelle  A,  Hopper  JL,  Hsiung  CN,  Investigators  K,  Ito  H,  Jakubowska  A, 
Johnson  N,  Torres  D,  Kabisch  M,  Kang  D,  Khan  S,  Knight  JA,  Kosma  VM,  Lambrechts 
D,  Li  J,  Lindblom  A,  Lophatananon  A,  Lubinski  J,  Mannermaa  A,  Manoukian  S,  Le 
Marchand  L,  Margolin  S,  Marine  F,  Matsuo  K,  McLean  C,  Meindl  A,  Muir  K, 

Neuhausen  SL,  Nevanlinna  H,  Nord  S,  Borresen-Dale  AL,  Olson  JE,  Orr  N,  van  den 
Ouweland  AM,  Peterlongo  P,  Choudary  Putti  T,  Rudolph  A,  Sangrajrang  S,  Sawyer  EJ, 
Schmidt  MK,  Schmutzler  RK,  Shen  CY,  Hou  MF,  Shrubsole  MJ,  Southey  MC, 

Swerdlow  A,  Hwang  Teo  S,  Thienpont  B,  Toland  AE,  Tollenaar  RA,  Tomlinson  I, 
Truong  T,  Tseng  CC,  Wen  W,  Winqvist  R,  Wu  AH,  Har  Yip  C,  Zamora  PM,  Zheng  Y, 
Floris  G,  Cheng  CY,  Hooning  MJ,  Martens  JW,  Seynaeve  C,  Kristensen  VN,  Hall  P, 
Pharoah  PD,  Simard  J,  Chenevix-Trench  G,  Dunning  AM,  Antoniou  AC,  Easton  DF,  Cai 
Q,  Long  J.  Fine-scale  mapping  of  8q24  locus  identifies  multiple  independent  risk  variants 
for  breast  cancer.  Int  J  Cancer.  139(6):  1303- 17,  2016. 

63.  Cheng  TH,  Thompson  DJ,  O'Mara  TA,  Painter  JN,  Glubb  DM,  Flach  S,  Lewis  A,  French 
JD,  Freeman-Mills  L,  Church  D,  Gorman  M,  Martin  L;  National  Study  of  Endometrial 
Cancer  Genetics  Group  (NSECG),  Hodgson  S,  Webb  PM;  Australian  National 
Endometrial  Cancer  Study  Group  (ANECS),  Attia  J,  Holliday  EG,  McEvoy  M,  Scott  RJ, 
Henders  AK,  Martin  NG,  Montgomery  GW,  Nyholt  DR,  Ahmed  S,  Healey  CS,  Shah  M, 
Dennis  J,  Fasching  PA,  Beckmann  MW,  Hein  A,  Ekici  AB,  Hall  P,  Czene  K,  Darabi  H, 
Li  J,  Dork  T,  Durst  M,  Hillemanns  P,  Runnebaum  I,  Amant  F,  Schrauwen  S,  Zhao  H, 
Lambrechts  D,  Depreeuw  J,  Dowdy  SC,  Goode  EL,  Fridley  BL,  Winham  SJ,  Njolstad 
TS,  Salvesen  HB,  Trovik  J,  Wemer  HM,  Ashton  K,  Otton  G,  Proietto  T,  Liu  T,  Mints  M, 
Tham  E;  RENDOCAS;  CHIBCHA  Consortium,  Li  MJ,  Yip  SH,  Wang  J,  Bolla  MK, 
Michailidou  K,  Wang  Q,  Tyrer  JP,  Dunlop  M,  Houlston  R,  Palles  C,  Hopper  JL;  AOCS 
Group,  Peto  J,  Swerdlow  AJ,  Burwinkel  B,  Brenner  H,  Meindl  A,  Brauch  H,  Lindblom 
A,  Chang-Claude  J,  Couch  FJ,  Giles  GG,  Kristensen  VN,  Cox  A,  Cunningham  JM, 
Pharoah  PD,  Dunning  AM,  Edwards  SL,  Easton  DF,  Tomlinson  I,  Spurdle  AB.  Five 
endometrial  cancer  risk  loci  identified  through  genome-wide  association  analysis.  Nat 
Genet.  48(6):667-74,  2016.  PMC4907351 

3.  Invited  Articles:  Nothing  to  Report. 

4.  Abstracts:  Nothing  to  Report 

7.  Inventions,  Patents,  and  Licenses: 

Nothing  to  report. 


47 


8.  Reportable  Outcomes: 

Products  related  scientific  advance 


A  total  of  27  genetic  modifiers  of  ovarian  cancer  risk  among  BRCA1  mutation  carriers  have 
been  identified. 

A  modifier  locus  on  chromosome  4q32  specifically  influences  risks  of  ovarian  cancer  among 
BRCA1  mutation  carriers  and  not  among  the  general  population  or  BRCA2  mutation  carriers. 

Risk  loci  associated  with  specific  subtypes  of  ovarian  cancer  have  been  identified,  suggesting 
unique  etiological  pathways  for  the  histological  subtypes  of  ovarian  cancer. 

The  ovarian  cancer  risk  loci  explain  6.4%  of  the  excess  familial  relative  risk  of  epithelial  ovarian 
cancer  in  the  general  population. 

Personalized  ovarian  cancer  risk  prediction  models  for  BRCA1  carriers  developed  using  the 
identified  risk  loci  identify  BRCA1  mutation  carriers  with  absolute  ovarian  cancer  risks  by  age 
80  ranging  from  28%  to  63%. 

Position  dependent  risks  of  ovarian  cancer  for  different  BRCA1  and  BRCA2  mutations  have 
been  detennined  that  can  be  used  in  clinical  risk  prediction  models. 
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ABSTRACT:  Germline  mutations  in  BRCA1  and  BRCA2 
are  associated  with  increased  risks  of  breast  and  ovar¬ 
ian  cancer.  A  genome-wide  association  study  (GWAS) 
identified  six  alleles  associated  with  risk  of  ovarian  can¬ 
cer  for  women  in  the  general  population.  We  evaluated 
four  of  these  loci  as  potential  modifiers  of  ovarian  can¬ 
cer  risk  for  BRCA1  and  BRCA2  mutation  carriers.  Four 
single-nucleotide  polymorphisms  (SNPs),  rsl0088218  (at 
8q24),  rs2665390  (at  3q25),  rs717852  (at  2q31),  and 
rs9303542  (at  17q21),  were  genotyped  in  12,599  BRCA1 
and  7,132  BRCA2  carriers,  including  2,678  ovarian  can¬ 
cer  cases.  Associations  were  evaluated  within  a  retrospec¬ 
tive  cohort  approach.  All  four  loci  were  associated  with 
ovarian  cancer  risk  in  BRCA2  carriers;  rsl0088218  per- 
allele  hazard  ratio  (HR)  =  0.81  (95%  Cl:  0.67-0.98) 
P-trend  =  0.033,  rs2665390  HR  =  1.48  (95%  Cl:  1.21- 
1.83)  P-trend  =  1.8  x  T 0  4,  rs7 17852  HR  =  1.25  (95% 
Cl:  1.10-1.42)  P-trend  =  6.6  x  10“4,  rs9303542  HR  = 
1.16  (95%  Cl:  1.02-1.33)  P-trend  =  0.026.  Two  loci 
were  associated  with  ovarian  cancer  risk  in  BRCA1  car¬ 
riers;  rsl0088218  per-allele  HR  =  0.89  (95%  Cl:  0.81- 


0.99)  P-trend  =  0.029,  rs2665390  HR  =  1.25  (95%  Cl: 
1.10-1.42)  P-trend  =  6.1  x  10-4.  The  HR  estimates  for 
the  remaining  loci  were  consistent  with  odds  ratio  esti¬ 
mates  for  the  general  population.  The  identification  of 
multiple  loci  modifying  ovarian  cancer  risk  may  be  useful 
for  counseling  women  with  BRCA1  and  BRCA2  muta¬ 
tions  regarding  their  risk  of  ovarian  cancer. 

Hum  Mutat  33:690-702,  2012.  ©  2012  Wiley  Periodicals,  Inc. 

KEY  WORDS:  ovarian  cancer;  BRCA1;  BRCA2;  associa¬ 
tion;  SNP 


Introduction 

Pathogenic  mutations  in  the  BRCA1  (MIM#  1 13705)  and  BRCA2 
(MIM#  600185)  genes  confer  high  risks  of  ovarian  and  breast  can¬ 
cer  [Miki  et  al.,  1994;  Wooster  et  al.,  1995].  Breast  cancer  risks 
by  age  70  have  been  estimated  to  range  between  40%  and  87% 
for  BRCA1  and  40-84%  for  BRCA2  mutation  carriers,  whereas 
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ovarian  cancer  risk  estimates  range  between  16-68%  and  11-27% 
for  BRCA1  and  BRCA2  mutation  carriers,  respectively  [Antoniou 
et  al.,  2003;  Antoniou  et  al.,  2008;  Begg  et  al.,  2008;  Chen  et  al.,  2006; 
Ford  et  al.,  1998;  Hopper  et  al.,  1999;  Milne  et  al.,  2008;  Simchoni 
et  al.,  2006;  Struewing  et  al.,  1997;  Thompson  et  al.,  2001;  Thomp¬ 
son  et  al.,  2002].  Recent  genome-wide  association  studies  (GWAS) 
have  identified  common  alleles  associated  with  risk  of  breast,  ovar¬ 
ian,  and  other  cancers  [reviewed  Easton  and  Eeles,  2008;  McCarthy 
and  Hirschhorn,  2008;  Song  et  al.,  2009] .  These  common  variants 
are  plausible  candidates  for  modifiers  of  disease  risk  for  mutation 
carriers.  The  Consortium  of  Investigators  of  Modifiers  of  BRCA1/2 
(CIMBA)  has  provided  convincing  evidence  that  variants  identified 
through  GWAS  of  breast  cancer  are  also  associated  with  the  risk  of 
developing  breast  cancer  for  BRCA1  and/or  BRCA2  mutation  car¬ 
riers  [Antoniou  et  al.,  2008a;  Antoniou  et  al.,  2009;  Antoniou  et  al., 
2010b;  Antoniou  et  al.,  2011]. 

Similarly,  CIMBA  has  investigated  the  influence  of  ovarian  can¬ 
cer  GWAS  variants  on  ovarian  cancer  risk  in  BRCA1  and  BRCA2 
carriers.  The  first  ovarian  cancer  susceptibility  locus  identified  by  a 
GWAS  was  rs3814113  at  9p22.2.  The  minor  C  allele  was  associated 
with  a  decreased  risk  of  ovarian  cancer  (odds  ratio  (OR)  =  0.82, 95% 
confidence  interval  (Cl):  0.79-0.86,  P  =  5.1  x  10“19)  [Song  et  al., 
2009].  A  previous  CIMBA  study  showed  that  the  minor  allele  of 
rs38141 13  was  also  associated  with  a  reduced  risk  of  ovarian  cancer 
for  both  BRCA1  and  BRCA2  carriers  (HR  =  0.78  for  both  BRCA1 
and  BRCA2  mutation  carriers)  [Ramus  et  al.,  201 1  ] . 

A  breast  cancer  GWAS  in  BRCA1  mutation  carriers  found  that 
locus  19pl3  is  associated  with  breast  cancer  risk  for  BRCA1  muta¬ 
tion  carriers.  Two  alleles  on  19pl3,  rs8170C>T  and  rs2363956G>T, 
showed  independent  associations  with  breast  cancer  risk  [Antoniou 
et  al.,  2010a].  Analysis  of  the  associations  of  these  SNPs  with  ovarian 
cancer  risk  in  843  ovarian  cancer  cases  showed  no  evidence  that  this 
locus  modifies  ovarian  cancer  risk  for  BRCA1  mutation  carriers. 
However,  the  same  two  alleles  were  identified  at  the  same  time  as 
ovarian  cancer  susceptibility  alleles  in  a  population-based  ovarian 
cancer  GWAS  -  rs8170  (OR  =  1.12,  95%  Cl:  1.07-1.17,  P-trend  = 
3.6  x  KT6,  serous  OR  =  1.18,  95%  Cl:  1.12-1.25,  P-trend  =  2.7  x 
10  9)  and  rs2363956  (OR  =  1.1,  95%  Cl:  1.06-1.15,  P-trend  =  1.2  x 
KT7,  serous  OR  =  1.16,  95%  Cl:  1.11-1.21,  P-trend  =  3.8  x  KT11) 
[Bolton  et  al.,  2010].  Subsequent  genotyping  of  SNPs  rs8170  and 
rs67397200  (an  SNP  correlated  with  both  rs8170  and  rs2363956  and 
identified  via  imputation),  in  a  larger  series  of  BRCA1  and  BRCA2 
mutation  carriers  from  CIMBA,  confirmed  that  both  SNPs  are  as¬ 
sociated  with  breast  cancer  risk.  This  analysis,  which  included  1,399 
BRCA1  ovarian  cancer  cases  and  428  BRCA2  ovarian  cancer  cases, 
also  found  that  the  19pl3  SNPs  were  associated  with  ovarian  cancer 
risk  in  both  BRCA1  and  BRCA2  carriers  in  an  analysis  of  the  simul¬ 
taneous  breast  and  ovarian  cancer  associations  in  BRCA1  carriers 
[Couch  et  al.,  in  press]. 

Four  additional  ovarian  cancer  susceptibility  loci  were  identi¬ 
fied  in  a  GWAS  of  more  than  10,000  cases  and  17,000  controls: 
rs2072590G>T  (2q31)  OR  =  1.16  (95%  Cl:  1.12-1.21)  P-trend  = 
4.5  x  10  14,  rs2665390T>C  (3q25)  OR  =  1.19  (95%  Cl:  1.11-1.27) 
P-trend  =  3.2  x  1(T7,  rsl0088218G>A  (8q24)  OR  =  0.84  (95%  Cl: 
0.80-0.89)  P-trend  =  3.2  x  KT9,  and  rs9303542A>G  (17q21)  OR  = 
1.11  (95%  Cl:  1.06-1.16)  P-trend  =  1.4  x  KT6  [Goode  et  al.,  2010], 
All  these  associations  were  stronger  for  serous  ovarian  cancer,  the 
most  common  histology  observed  in  BRCA-related  ovarian  cancer, 
than  for  all  histologies.  To  investigate  whether  these  SNPs  are  asso¬ 
ciated  with  risk  of  ovarian  and  breast  cancer  for  mutation  carriers, 
we  genotyped  these  SNPs  (or,  in  the  case  of  rs2072590,  a  surrogate 
SNP,  rs717852A>G,  r2  =  0.96)  for  12,599  BRCA1  and  7,132  BRCA2 
mutation  carriers  from  40  studies  that  were  part  of  CIMBA. 


Materials  and  Methods 

Subjects 

All  subjects  were  female  carriers  of  pathogenic  mutations  in 
BRCA1  or  BRCA2  from  40  studies  from  Europe,  North  America, 
South  Africa,  and  Australia  (Supp.  Table  SI).  Pathogenic  muta¬ 
tions  were  defined  as  protein-truncating  mutations  or  mutations 
listed  on  the  Breast  Cancer  Information  Core  (BIC)  http://research. 
nhgri.nih.gov/bic/  as  described  previously  [Antoniou  et  al.,  2007]. 
All  subjects  were  18  years  or  older  at  recruitment.  The  majority 
of  carriers  (>97%)  were  recruited  through  cancer  genetics  clinics 
offering  genetic  testing,  and  enrolled  into  national  or  regional  stud¬ 
ies.  Some  carriers  were  identified  by  population-based  sampling  of 
cases,  and  some  by  community  recruitment.  Only  women  of  self- 
reported  white,  European  ancestry  were  included  in  the  analysis. 
Subjects  were  excluded  if  they  were  from  a  country  other  than  the 
country  in  which  the  study  is  conducted,  or  if  they  carried  mu¬ 
tations  in  both  genes.  If  a  woman  was  enrolled  in  two  different 
studies,  only  one  of  the  samples  was  included  in  the  analysis.  These 
duplicate  samples  were  identified  by  dates  of  birth  and  diagnosis 
and  from  available  genotyping  data.  Subject  information  included 
year  of  birth;  age  at  last  follow-up;  ages  at  breast  and/or  ovarian 
cancer  diagnosis;  and  age  at  bilateral  prophylactic  mastectomy  or 
oophorectomy.  Related  subjects  were  identified  through  a  unique 
family  identifier.  BRCA1  mutations  were  classified  based  on  their 
predicted  functional  consequence.  Class  1  was  comprised  of  loss 
of  function  mutations  subject  to  nonsense-mediated  decay  whereas 
class  2  mutations  were  those  expected  to  generate  a  stable  pro¬ 
tein  (details  described  previously  [Antoniou  et  al.,  2008a] ).  Subjects 
participated  in  clinical  or  research  studies  at  the  host  institutions 
under  ethically-approved  protocols.  Further  details  about  CIMBA 
are  described  elsewhere  [Chenevix- Trench  et  al.,  2007]. 


Genotyping 

The  DNA  samples  from  12,599  BRCA1  and  7,132  BRCA2  carri¬ 
ers  from  40  studies  were  genotyped  for  SNPs  rsl0088218  (8q24), 
rs2665390  (3q25),  rs717852  (2q31),  and  rs9303542  (17q21)  using 
the  iPLEX  (Sequenom,  San  Diego,  CA)  Mass  Array  platform  (Supp. 
Table  SI)  at  four  genotyping  centers.  We  used  a  correlated  SNP 
(r2  =  0.96),  rs717852,  to  replace  a  failed  assay  for  rs2072590.  All 
genotyping  data  were  subjected  to  a  standard  set  of  quality  con¬ 
trol  criteria.  Samples  from  affected  and  unaffected  subjects  were 
randomly  arrayed  within  plates.  No  template  controls  were  in¬ 
cluded  on  every  384-well  plate  and  at  least  2%  of  the  samples 
were  tested  in  duplicate.  Samples  were  excluded  if  they  consistently 
failed  genotyping,  defined  as  a  pass  rate  of  <  80%  for  all  SNPs  in 
this  genotyping  round.  For  a  study  to  be  included  in  the  analy¬ 
sis,  the  genotype  data  were  required  to  attain  or  exceed  a  call-rate 
threshold  of  95%  and  a  concordance  between  duplicates  of  98%. 
We  also  evaluated  the  deviation  from  Hardy- Weinberg  equilibrium 
(HWE)  for  unrelated  subjects.  For  none  of  these  studies  was  HWE 
rejected  at  a  predefined  threshold  of  P  =  0.001.  An  additional  qual¬ 
ity  control  criterion  was  consistent  results  for  95  DNA  samples 
from  a  standard  test  plate  (Coriell  Institute,  Camden,  NJ)  geno¬ 
typed  at  all  centers.  If  the  genotyping  was  inconsistent  for  more 
than  one  sample  in  the  test  plate,  the  study  was  excluded.  A  total 
of  19,731  carriers  with  genotype  data  were  eligible  for  inclusion  in 
the  analysis  (12,599  BRCA1  and  7,132  BRCA2  carriers)  (Supp.  Ta¬ 
ble  SI).  Three  studies  failed  quality  control  for  rs717852  and  one  for 
rs2665390. 
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Table  1.  Summary  Characteristics  for  the  19,731  Eligible  BRCA1  and  B/?CA2  Carriers*  Used  in  the  Analysis 


BRCA1 

BRCA2 

Characteristic 

Unaffected 

Ovarian  cancer 

Unaffected 

Ovarian  cancer 

Number 

10,535 

2,064 

6,518 

614 

Person-years  follow-up 

459,178 

104,942 

304,789 

34,605 

Median  age  at  censure  (IQR) 

Age  at  censure,  N  (%) 

42  (35-50) 

50  (45-56) 

45 (38-55) 

56  (49-63) 

<30 

1,536  (14.6) 

93  (4.5) 

796(12.2) 

24  (3.9) 

30-39 

2,945  (28.0) 

171  (8.3) 

1,402  (21.5) 

15  (2.4) 

40-49 

3,375  (32.0) 

760  (36.8) 

2,017  (31.0) 

129  (21.0) 

50-59 

1,721  (16.3) 

707  (34.8) 

1,297  (19.9) 

217  (35.3) 

60-69 

656  (6.2) 

269  (13.0) 

667(10.2) 

175  (28.5) 

70+ 

302  (2.9) 

64  (3.1) 

339  (5.2) 

54  (8.8) 

Year  of  birth,  N  (%) 

<1920 

50  (0.5) 

8  (0.4) 

56  (0.9) 

11(1.8) 

1920-1929 

204  (1.9) 

123  (6.0) 

199  (3.1) 

67  (10.9) 

1930-1939 

548  (5.2) 

337  (16.3) 

499  (7.7) 

163  (26.6) 

1940-1949 

1,495  (14.2) 

678  (32.9) 

1,122  (17.2) 

323  (37.8) 

1950-1959 

2,757  (26.2) 

641  (31.1) 

1,736  (26.6) 

115  (18.7) 

1960-1969 

3,113  (29.6) 

256  (12.4) 

1,747  (26.8) 

23  (3.8) 

1970+ 

2,368  (22.5) 

21  (1.0) 

1,159  (17.8) 

3  (0.5) 

Mutation  class,  N  (%) 

Class  lb 

6,460  (61.3) 

1,481  (71.8) 

6,058  (92.9) 

576  (93.8) 

Class  2b 

3,294  (31.3) 

459  (22.2) 

163  (2.5) 

9(1.5) 

Other 

781  (7.4) 

124  (6.0) 

297  (4.6) 

29  (4.7) 

a  Carriers  of  self-reported  white  European  ancestry  only. 
bSee  methods  for  definitions. 

IQR,  interquartile  range. 


Statistical  Analysis 

The  primary  aim  of  this  study  was  to  evaluate  the  association 
between  each  genotype  and  ovarian  cancer  risk.  The  primary  end¬ 
point  was  therefore  the  age  at  diagnosis  of  ovarian  cancer.  For  this 
purpose,  individuals  were  censored  at  the  age  of  the  ovarian  can¬ 
cer  diagnosis,  or  risk-reducing  salpingo-oophorectomy  (RRSO)  or 
the  age  at  last  observation.  Breast  cancer  was  not  considered  as  a 
censoring  event  in  this  analysis,  and  mutation  carriers  who  devel¬ 
oped  ovarian  cancer  after  a  breast  cancer  diagnosis  were  considered 
as  affected  in  the  ovarian  cancer  analysis.  To  address  the  fact  that 
mutation  carriers  were  not  sampled  at  random  with  respect  to  their 
disease  phenotype,  analysis  was  conducted  by  modeling  the  retro¬ 
spective  likelihood  of  the  observed  genotypes  conditional  on  the 
disease  phenotypes  as  previously  described  [Antoniou  et  ah,  2007; 
Barnes  et  ah.  In  Press].  This  method  has  been  shown  to  provide 
unbiased  estimates  of  the  risk  ratios  within  the  present  sampling 
frame  [Barnes  et  al.,  In  Press].  The  effect  of  each  SNP  was  mod¬ 
eled  either  as  a  per-allele  hazard  ratio  (HR)  (multiplicative  model) 
or  as  separate  HRs  for  heterozygotes  and  homozygotes,  and  these 
were  estimated  on  the  logarithmic  scale.  The  HRs  were  assumed  to 
be  independent  of  age  (i.e.,  we  used  a  Cox  proportional-hazards 
model).  The  assumption  of  proportional  hazards  was  tested  by 
adding  a  “genotype  x  age”  interaction  term  to  the  model  in  order 
to  fit  models  in  which  the  HR  changed  with  age.  Analyses  were  car¬ 
ried  out  with  the  pedigree-analysis  software  MENDEL  [Lange  et  al., 
1988]  and  details  of  this  approach  have  been  described  previously 
[Antoniou  et  al.,  2007;  Barnes  et  al.,  In  Press] .  We  examined  between 
study/ country  heterogeneity  by  comparing  the  models  that  allowed 
for  study-specific  log  HRs  against  models  in  which  the  same  log  HR 
was  assumed  to  apply  to  all  studies. 

To  investigate  whether  our  results  were  influenced  by  any  of  our 
assumptions,  we  performed  additional  sensitivity  analyses.  If  any 
of  the  SNPs  were  associated  with  disease  survival,  the  inclusion  of 
prevalent  cases  may  influence  the  HR  estimates.  We  therefore  re¬ 
peated  our  analysis  by  excluding  mutation  carriers  diagnosed  more 


than  5  years  prior  to  the  age  at  recruitment  into  the  study.  We 
also  examined  whether  SNP  associations  differed  by  type  of  BRCA1 
mutations  as  described  above. 

The  associations  of  these  SNPs  with  breast  cancer  risk  were  as¬ 
sessed  within  a  competing  risk  analysis  framework  [Barnes  et  al., 
In  Press;  Ramus  et  al.,  2011]  by  estimating  HRs  simultaneously  for 
breast  and  ovarian  cancers.  In  this  model,  each  individual  was  at  risk 
of  developing  either  breast  or  ovarian  cancer,  and  the  probabilities 
of  developing  each  disease  were  assumed  to  be  independent  condi¬ 
tional  on  the  underlying  genotype.  A  different  censoring  process  was 
used  in  this  case,  whereby  individuals  were  followed  up  to  the  age  of 
the  first  breast  or  ovarian  cancer  diagnosis  and  were  considered  to 
have  developed  the  corresponding  disease.  No  follow-up  was  con¬ 
sidered  after  the  first  cancer  diagnosis.  Individuals  were  censored 
for  breast  cancer  at  the  age  of  bilateral  prophylactic  mastectomy  and 
for  ovarian  cancer  at  the  age  of  bilateral  oophorectomy  and  in  such 
circumstances  were  assumed  to  be  unaffected  for  the  corresponding 
disease.  The  remaining  individuals  were  censored  at  the  age  at  last 
observation  and  were  assumed  to  be  unaffected  for  both  diseases. 

To  ensure  a  sufficiently  large  number  of  mutation  carriers  within 
each  stratum,  we  grouped  studies  from  the  same  country.  All  analy¬ 
ses  were  stratified  and  used  calendar  year  and  cohort-specific  cancer 
incidences  for  BRCA1  and  BRCA2  [Antoniou  et  al.,  2008b] .  For  sen¬ 
sitivity  analyses,  strata  with  small  numbers  of  mutation  carriers  were 
grouped.  We  used  a  robust  variance-estimation  approach  to  allow 
for  the  nonindependence  among  related  carriers  [Boos,  1992]. 

Results 

In  total,  12,599  BRCA1  and  7,132  BRCA2  carriers  were  eligible  for 
analysis  of  associations  between  ovarian  cancer  risk  and  rsl0088218 
(8q24),  rs2665390  (3q25),  rs717852  (2q31),  and  rs9303542  (17q21). 
The  primary  analysis  included  2,678  mutation  carriers  who  were 
followed  up  to  the  age  at  diagnosis  of  invasive  ovarian  cancer  (cases) 
and  17,053  carriers  who  were  censored  as  unaffected  (Table  1). 
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Table  2.  SNP  Genotype  Distributions  and  Associations  with  Ovarian  Cancer  Risk 


Mutation 

Genotype 

Unaffected  N  (%) 

Affected3  N  (%) 

HR 

95%  Cl 

P-value 

8q24-rsl0088218 

BRCA1 

GG 

7,978  (76.1) 

1,574  (76.3) 

1 

AG 

2,325  (22.2) 

461  (22.4) 

0.93 

0.83-1.05 

AA 

176(1.7) 

27  (1.3) 

0.61 

0.41-0.91 

2-df  test 

0.032 

per  allele 

0.89 

0.81-0.99 

0.029 

BRCA2 

GG 

4,865  (74.7) 

485  (79.0) 

1 

AG 

1,537  (23.6) 

116  (18.9) 

0.73 

0.59-0.91 

AA 

113  (1.7) 

13  (2.1) 

1.12 

0.61-2.04 

2-df  test 

0.014 

per  allele 

0.81 

0.67-0.98 

0.033 

3q25-rs2665390 

BRCA1 

TT 

8,242  (85.6) 

1,623  (83.1) 

1 

TC 

1,330  (13.8) 

314  (16.1) 

1.25 

1.08-1.44 

CC 

58  (0.6) 

17  (0.9) 

1.57 

0.91-2.69 

2-df  test 

2.7  x  10~3 

per  allele 

1.25 

1.10-1.42 

6.1  x  10“4 

BRCA2 

TT 

5,226  (85.3) 

449  (78.6) 

1 

TC 

862  (14.1) 

118  (20.7) 

1.58 

1.26-1.98 

CC 

38  (0.6) 

4  (0.7) 

1.20 

0.34-4.19 

2-df  test 

3.2  x  10“4 

per  allele 

1.48 

1.21-1.83 

1.8  x  10-4 

2q31-rs717852 

BRCA1 

TT 

4,134  (47.0) 

863  (45.3) 

1 

CT 

3,807  (43.2) 

862  (45.3) 

1.11 

0.99-1.23 

CC 

864  (9.8) 

179  (9.4) 

1.06 

0.88-1.27 

2-df  test 

0.18 

per  allele 

1.06 

0.98-1.14 

0.16 

BRCA2 

TT 

3,029  (48.6) 

245  (42.0) 

1 

CT 

2,645  (42.4) 

272  (46.6) 

1.30 

1.08-1.56 

CC 

558  (9.0) 

67  (11.5) 

1.51 

1.13-2.01 

2-df  test 

3.2  x  10'3 

per  allele 

1.25 

1.10-1.42 

6.6  x  10-4 

17q21-rs9303542 

BRCA1 

TT 

5,695  (54.2) 

1,076  (52.3) 

1 

TC 

4,085  (38.9) 

826  (40.1) 

1.08 

0.98-1.20 

CC 

729  (6.9) 

157  (7.6) 

1.15 

0.95-1.40 

2-df  test 

0.17 

per  allele 

1.08 

1.00-1.17 

0.06 

BRCA2 

TT 

3,445  (53.0) 

296  (48.3) 

1 

TC 

2,593  (39.9) 

264  (43.1) 

1.19 

1.00-1.42 

CC 

462  (7.1) 

53  (8.7) 

1.31 

0.95-1.81 

2-df  test 

0.082 

per  allele 

1.16 

1.02-1.33 

0.026 

a  Ovarian  cancer. 

Analysis  restricted  to  mutation  carriers  of  white  European  ancestry. 


The  minor  allele  of  rs2665390  (3q25)  was  associated  with  a  sig¬ 
nificantly  increased  risk  of  ovarian  cancer  for  both  BRCA1  car¬ 
riers  (per-allele  HR  =  1.25,  95%  Cl:  1.10-1.42,  P-trend  =  6.1  x 
1(T4))  and  BRCA2  carriers  (per  allele  HR  =  1.48,  95%  Cl:  1.21-1.83, 
P-trend  =  1.8  x  1CT4)  (Table  2).  The  minor  allele  of  rsl0088218 
(8q24)  was  associated  with  a  significantly  decreased  risk  of  ovar¬ 
ian  cancer  for  both  BRCA1  carriers  (per-allele  HR  =  0.89,  95%  Cl: 
0.81-0.99,  P-trend  =  0.029),  and  BRCA2  carriers  (per  allele  HR  = 
0.81, 95%  Cl:  0.67-0.98,  P-trend  =  0.033).  The  two  remaining  SNPs, 
rs717852  (2q31)  and  rs9303542  (17q21),were  associated  with  ovar¬ 
ian  cancer  risk  for  BRCA2  carriers  (rs717852-per  allele  HR  =  1.25, 
95%  Cl:  1.10-1.42,  P-trend  =  6.6  x  10"4;  rs9303542-per  allele  HR  = 
1.16,  95%  Cl:  1.02-1.33,  P-trend  =  0.026).  The  estimated  HRs  in 
BRCA1  carriers  for  these  two  SNPs  were  also  >1  but  not  significantly 
different  from  1,  nor  did  they  differ  significantly  from  the  HRs  in 
BRCA2  carriers.  There  was  no  evidence  that  the  HRs  varied  by  age 
for  either  BRCA1  or  BRCA2  mutation  carriers  {BRCA1  -rsl0088218 
P  =  0.34,  rs2665390  P  =  0.24,  rs717852  P  =  0.09,  rs9303542  P  = 


0.58;  BRCA2 -rs  10088218  P=  0.66,  rs2665390  P=  0.95,  rs717852  P  = 
0.88,  rs9303542  P  =  0.67).  The  country-specific  HRs  are  shown  in 
Figure  1.  There  was  no  evidence  of  heterogeneity  in  HRs  across  the 
studies/countries  (BRCAl-rsl0088218  P=  0.27,  rs2665390  P=  0.59, 
rs717852  P=  0.60,  rs9303542  P=  0.10;  BRCA2  -rsl0088218  P=  0.16, 
rs2665390  P=  0.32,  rs717852  P=  0.75,  rs9303542  P=  0.49). 

To  determine  if  any  survival  bias  was  introduced  by  including 
long-term  survivors,  we  excluded  all  ovarian  cancer  cases  recruited 
5  or  more  years  after  diagnosis  (Supp.  Table  S2).  All  HR  estimates 
were  similar  to  those  from  the  primary  analysis  although  only  three 
were  significant  in  the  reduced  sample  set. 

We  examined  the  associations  between  the  SNPs  and  ovarian 
cancer  risk  by  the  BRCA1  mutation-type  based  on  the  predicted 
functional  consequence  (Supp.  Table  S2).  We  found  no  evidence 
of  a  difference  in  the  per-allele  HR  by  BRCA1  mutation  type  for 
rsl0088218  (8q24)  (P  for  difference  in  HR  =  0.99).  For  rs2665390 
(3q25)  the  estimated  HR  for  class  1  mutations  was  somewhat  higher 
(per-allele  HR  =  1.34  [95%  Cl:  1.15-1.56]  P-trend  =  2.2  x  KT4) 


HUMAN  MUTATION,  Vol.  33,  No.  4,  690-702,  2012 


695 


a)  BRCA1 


rsl  008821 8 

QrtOA  UK/EIRE 

OC]/.**  Australia 

GE/AT/HU 
EasternEU 
France 
Italy 
NL/SA 

NorthAmerica 

Scandinavia 


Spain/Greece 

SUMMARY 


04 


III  1 

0.6  0J  1.0  1.5 


—I — 

20 


rs717852 

2q31 


rs2665390 

3q25 


rs9303542 

17q21 


Hazard  Ratio 


UK/EIRE 

Australia 

GE/AT/HU 

EasternEU 

France 

Italy 

NL/SA 

NorthAmerica 

Scandinavia 

Spain/Greece 

SUMMARY 


04 


UK/EIRE 

Australia 

GE/AT/HU 

EasternEU 

France 

Italy 

NorthAmerica 

Scandinavia 

Spain/Greece 

SUMMARY 


04 


UK/EIRE 

Australia 

GE/AT/HU 

EasternEU 

France 

Italy 

NL/SA 

NorthAmerica 

Scandinavia 

Spain/Greece 

SUMMARY 


04 


“I - 1 

20  25 


Hazard  Ratio 


b)  BRCA2 


UK/EIRE 

Australia 

GE/AT/HU 

France 

Italy 

NL/SA 

NorthAmerica 

Scandinavia 

Spain/Greece 

SUMMARY 


UK/EIRE 

Australia 

GE/AT/HU 

France 

Italy 

NL/SA 

NorthAmerica 

Scandinavia 

Spain/Greece 

SUMMARY 

r — 

0  4 


Hazard  Ratio 


UK/EIRE 

Australia 

GE/AT/HU 

France 

Italy 

NorthAmerica 

Scandinavia 

Spain/Greece 

SUMMARY 


UK/EIRE 

Australia 

GE/AT/HU 

France 

Italy 

NL/SA 

NorthAmerica 

Scandinavia 

Spain/Greece 

SUMMARY 


04 


III  III 

0.0  08  1.0  IS  20  25 

Hazard  Ratio 


Figure  1.  Forest  plots  of  study-specific  HRs  for  ovarian  cancer  risk  in  (a)  BRCA  7  mutation  carriers,  (b)  B/?CA2mutation  carriers.  Country-specific 
per-allele  HR  estimates  for  the  SNPs  rsl 008821 8  (8q24),  rs2665390  (3q25),  rs71 7852  (2q31),  and  rs9303542  (17q21)  in  BRCA1  and  BRCA2  mutation 
carriers.  The  area  of  the  square  is  proportional  to  the  inverse  of  the  variance  of  the  estimate.  Horizontal  lines  indicate  95%  confidence  intervals. 
Diamonds  indicate  the  summary  HR  estimates  for  all  of  the  CIMBA.  For  BRCA2,  some  of  the  smaller  studies  have  been  combined  with  others  from 
the  same  country.  GE/AT/HU  denotes  the  stratum  for  Germany,  Austria,  and  Hungary.  I\IL/SA  denotes  the  stratum  for  the  Netherlands  and  South 
Africa. 
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Table  3.  Competing  Risk  Analysis 


Unaffected  N  (%) 

Breast  cancer  N  (%) 

Ovarian  cancer  N  (%) 

HR 

Breast  cancer 

95%  C.I. 

P-value 

HR 

Ovarian  cancer 

95%  C.I.  P-value 

8q24—rs  100882 18 

BRCA1 

GG 

3,661  (77.0) 

4,772  (75.5) 

1,119  (76.4) 

1 

1 

AG 

1,025  (21.5) 

1,431  (22.6) 

330  (22.5) 

1.03 

0.94-1.11 

0.96 

0.83-1.11 

AA 

70  (1.5) 

117(1.9) 

16(1.1) 

1.08 

0.84-1.38 

0.55 

0.32-0.94 

2-df  test 

0.72 

0.083 

per  allele 

1.03 

0.96-1.10 

0.44 

0.91 

0.80-1.03 

0.13 

BRCA2 

GG 

2,123  (73.9) 

2,861  (75.3) 

366  (80.6) 

1 

1 

AG 

699  (24.3) 

877  (23.1) 

77  (17.0) 

0.91 

0.82-1.02 

0.60 

0.46-0.78 

AA 

53  (1.8) 

62  (1.6) 

11  (2.4) 

0.85 

0.61-1.18 

1.17 

0.60-2.27 

2-df  test 

0.17 

7.7  x  10-4 

per  allele 

0.92 

0.84-1.00 

0.061 

0.72 

0.57-0.91 

5.7  x  10“3 

3q25-rs2665390 

BRCA1 

TT 

3,716  (85.2) 

4,995  (85.7) 

1,151  (82.8) 

1 

1 

TC 

614  (14.1) 

801  (13.7) 

229  (16.4) 

1.00 

0.90-1.11 

1.27 

1.06-1.51 

CC 

31  (0.7) 

33  (0.6) 

11  (0.8) 

0.80 

0.53-1.19 

1.22 

0.62-2.41 

2-df  test 

0.54 

0.028 

per  allele 

0.98 

0.89-1.08 

0.70 

1.23 

1.06-1.44 

8.5  x  10“3 

BRCA2 

TT 

2,282  (85.5) 

3,067  (85.1) 

326  (76.8) 

1 

1 

TC 

368  (13.8) 

517  (14.4) 

95  (22.5) 

1.02 

0.89-1.16 

1.75 

1.34-2.27 

CC 

19  (0.7) 

20  (0.6) 

3  (0.7) 

0.72 

0.39-1.35 

1.02 

0.21-5.10 

2-df  test 

0.57 

1.6  x  10-4 

per  allele 

0.99 

0.87-1.12 

0.82 

1.59 

1.25-2.02 

1.9  x  10“4 

2q31-rs717852 

BRCA1 

TT 

1,817(47.3) 

2,576  (46.5) 

606  (45.5) 

1 

1 

CT 

1,667  (43.5) 

2,400  (43.3) 

602  (45.1) 

1.01 

0.94-1.09 

1.10 

0.96-1.25 

CC 

356  (9.3) 

562  (10.2) 

125  (9.4) 

1.13 

0.99-1.29 

1.10 

0.87-1.40 

2-df  test 

0.18 

0.32 

per  allele 

1.04 

0.99-1.10 

0.14 

1.08 

0.98-1.19 

0.15 

BRCA2 

TT 

1,345  (49.8) 

1,752  (47.5) 

177  (41.4) 

1 

1 

CT 

1,112  (41.2) 

1,603  (43.5) 

202  (47.2) 

1.08 

0.98-1.19 

1.39 

1.11-1.74 

CC 

244  (9.0) 

331  (9.0) 

50  (11.5) 

1.03 

0.87-1.21 

1.60 

1.13-2.26 

2-df  test 

0.30 

3.8  x  10~3 

per  allele 

1.04 

0.97-1.12 

0.30 

1.31 

1.12-1.53 

8.5  x  10-4 

1 7q2  l-rs9303542 

BRCA1 

TT 

2,537  (53.1) 

3,470  (54.8) 

764  (52.3) 

1 

1 

TC 

1,891  (39.6) 

2,434  (38.5) 

586  (40.1) 

0.98 

0.91-1.05 

1.08 

0.95-1.23 

CC 

349  (7.3) 

426  (6.7) 

111  (7.6) 

0.95 

0.82-1.09 

1.10 

0.87-1.40 

2-df  test 

0.70 

0.44 

per  allele 

0.98 

0.92-1.03 

0.41 

1.06 

0.97-1.17 

0.22 

BRCA2 

TT 

1,517(52.8) 

2,012  (53.1) 

212  (46.7) 

1 

1 

TC 

1,136  (39.6) 

1,520  (40.1) 

203  (44.9) 

0.98 

0.89-1.08 

1.26 

1.02-1.55 

CC 

218  (7.6) 

259  (6.8) 

38  (8.4) 

0.87 

0.73-1.05 

1.17 

0.79-1.74 

2-df  test 

0.35 

0.099 

per  allele 

0.96 

0.89-1.03 

0.22 

1.16 

0.99-1.35 

0.075 

Associations  with  breast  and  ovarian  cancer  risk  for  BRCA1  and  BRCA2  mutation  carriers.  Analysis  restricted  to  mutation  carriers  of  European  ancestry. 


compared  to  class  2  mutations  (HR  =  1.08  (95%  Cl:  0.78-1.36), 
P-trend  =  0.85),  but  the  difference  in  HRs  was  not  significant  (P  = 
0.06).  Similar  patterns  in  the  HRs  between  class  1  and  class  2  mu¬ 
tations  were  seen  for  rs9303542  (17q21)  and  rs717852  (2q31),  but 
none  of  the  differences  were  significant  (P  =  0.20  and  P  =  0.36, 
respectively). 

To  determine  whether  these  four  SNPs  were  also  associated  with 
breast  cancer  risk  for  BRCA1  and  BRCA2  mutation  carriers,  we 
performed  an  analysis  in  which  we  estimated  HRs  for  breast  and 
ovarian  cancer  simultaneously  within  a  bivariate  outcome  model 
(Table  3).  There  was  no  evidence  of  association  between  these  SNPs 
and  breast  cancer  risk  for  mutation  carriers.  The  estimated  HRs 
for  ovarian  cancer  risk  under  this  analysis  were  similar  to  those 
estimated  in  the  main  analysis.  However,  some  of  the  results  were 
no  longer  significant  due  to  the  fact  that  mutation  carriers  diagnosed 
with  ovarian  cancer  after  a  breast  cancer  diagnosis  are  censored  at 
breast  cancer,  which  results  in  a  reduced  number  of  ovarian  cancer 
cases.  The  3q25  SNP,  rs2665390,  was  significantly  associated  with 
ovarian  cancer  risk  for  both  BRCA1  and  BRCA2  carriers  (per-allele 


HR  =  1.23,  95%  Cl:  1.06-1.44,  P-trend  =  8.5  x  10"3  and  per-allele 
HR=  1.59, 95%  Cl:  1.25-2.02,  P-trend  =  1.9  x  1CT4,  respectively).  As 
in  the  primary  analysis,  rs717852  (2q31)  was  only  associated  with  an 
increased  ovarian  cancer  risk  in  BRCA2  carriers  (HR=  1.31, 95%  Cl: 
1.12-1.53,  P-trend  =  8.5  x  1(T4).  The  magnitude  of  the  association 
between  SNP  rsl0088218  (8q24)  and  ovarian  cancer  risk  in  BRCA2 
carriers  was  somewhat  larger  than  in  the  primary  analysis  (HR  = 
0.72,  95%  Cl:  0.57-0.91,  P-trend  =  5.7  x  10  3). 


Discussion 

Recent  studies  have  shown  that  common  genetic  variants  identi¬ 
fied  from  ovarian  cancer  GWAS  are  associated  with  susceptibility  to 
ovarian  cancer  for  BRCA1  and/or  BRCA2  mutation  carriers  [Couch 
et  al.,  in  press;  Ramus  et  ah,  2011].  In  the  present  study,  we  geno- 
typed  four  SNPs,  rsl0088218  (8q24),  rs2665390  (3q25),  rs717852 
(2q31),  andrs9303542  (17q21)  that  were  found  to  be  associated  with 
ovarian  cancer  in  women  from  the  general  population.  We  found 
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that  all  SNPs  were  associated  with  ovarian  cancer  risk  for  BRCA2 
mutation  carriers.  There  was  significant  evidence  that  two  of  the 
SNPs  (rs  100882 18  at  8q24  and  rs2665390  at  3q25)  were  also  asso¬ 
ciated  with  ovarian  cancer  risk  for  BRCA1  mutation  carriers.  For 
the  remaining  two  SNPs  at  2q31  and  17q21,  the  associations  with 
ovarian  cancer  risk  in  BRCA1  mutations  did  not  reach  statistical 
significance.  However,  the  estimated  HRs  were  still  consistent  with 
both  the  estimated  HRs  in  BRCA2  carriers,  and  the  estimated  ORs 
in  the  general  population.  Thus  these  data,  combined  with  those  for 
the  previously  detected  ovarian  cancer  risk  SNPs  at  9p22.2  [Ramus 
et  al.,  2011]  and  19pl3  [Couch  et  al,  in  press],  indicate  that  all  six 
known  common  susceptibility  loci  for  ovarian  cancer,  are  also  asso¬ 
ciated  with  the  ovarian  cancer  risk  in  BRCA1  and  BRCA2  carriers, 
and  moreover  that  the  relative  risk  of  ovarian  cancer  is  generally 
similar  to  that  in  the  general  population. 

In  the  general  population,  the  magnitude  of  the  associations  with 
ovarian  cancer  risk  were  stronger  for  cases  with  the  serous  histologi¬ 
cal  subtype  for  rs2072590  (2q31)  Pheterogeneity  =  2.9  x  lCT4,rsl  00882 18 
(8q24)  Pheterogeneity  :  1-1  X  10  ,  and  rs2665390  (3q25)  Pheterogeneity  = 
0.02  [Goode  et  ah,  2010].  However,  we  were  not  able  to  assess  this 
interaction  in  the  BRCA1  and  BRCA2  carriers,  due  to  small  numbers 
and  incomplete  pathology  data  for  histological  subtype. 

When  the  data  were  analyzed  within  a  competing  risks  frame¬ 
work,  we  observed  no  evidence  that  these  SNPs  were  associated 
with  breast  cancer  risk  for  BRCA1  or  BRCA2  mutation  carriers. 
None  of  the  published  breast  cancer  GWAS  using  women  from  the 
general  population  [Ahmed  et  ah,  2009;  Easton  et  ah,  2007;  Gold 
et  ah,  2008;  Hunter  et  ah,  2007;  Thomas  et  ah,  2009]  have  reported 
associations  for  these  SNPs  at  the  strict  genome-wide  levels  of  sig¬ 
nificance.  These  results  indicate  that,  for  both  groups  of  mutation 
carriers  and  for  the  general  population,  the  predominant  associa¬ 
tion  is  with  ovarian  cancer  risk  and  that  the  association  with  breast 
cancer  risk,  if  any,  is  very  weak. 

The  fine-mapping  and  functional  follow-up  of  the  risk  alleles 
from  the  ovarian  cancer  GWAS  are  currently  being  performed. 
Therefore,  the  gene  most  likely  to  be  driving  the  ovarian  cancer 
risk  in  each  region  has  not  yet  been  identified  but  the  closest  genes 
to  each  SNP  and  the  genes  in  the  linkage  disequilibrium  block  pro¬ 
vide  some  insight  to  the  potential  candidates.  The  rs2665390  SNP 
is  located  at  3q25,  and  is  intronic  to  the  TIPARP  gene,  a  member 
of  the  poly  (ADP-ribose)  polymerase  (PARP)  superfamily.  BRCA1- 
BRCA2-deficient  cells  can  use  the  PARP1  alternative  DNA  repair 
mechanism  to  survive,  and  synthetic  inhibition  of  PARP1  has  been 
developed  as  a  new  therapy  for  breast  and  ovarian  cancer  patients 
with  mutations  in  these  genes  [Fong  et  al.,  2009],  There  are  no 
other  candidate  genes  within  200  kb  of  this  SNP  and  the  five  other 
genes  within  the  linkage  disequilibrium  block  ( LEKR1 ,  LOC730091, 
PA2G4P4,  SSR3,  and  KCNAB1 )  are  not  known  to  have  functions  that 
suggest  a  role  in  cancer  [www.genecards.org;  Safran  et  al.,  2010]. 

The  rs717852  SNP  is  located  at  2q31  in  a  region  containing  a 
family  of  homeobox  ( HOX )  genes;  HOXDIO,  HOXD11,  HOXD12, 
HOXD13,  HOXD3,  HOXD4,  HOXD8,  HOXD9,  and  HOXD1.  HOX 
genes  are  involved  in  regulating  embryogenesis  and  organogenesis 
and  altered  expression  of  HOX  genes  has  been  reported  in  many 
cancers  [Buzzai  and  Licht,  2008;  Shiraishi  et  al.,  2002.].  The  other 
genes  in  this  region,  KIAA1715,  EVX2,  and  MTX2,  do  not  have  a 
reported  role  in  cancer  [www.genecards.org;  Safran  et  al.,  2010]. 
The  ovarian  cancer  risk-associated  SNP  rs2072590  is  downstream 
of  HOXD3  and  upstream  of  HOXD1,  and  it  tags  SNPs  in  the  HOXD3 
3'  untranslated  region.  The  genotyped  SNP  rs717852  is  intronic  of 
HOXD3. 

Common  variants  that  confer  susceptibility  to  multiple  cancer 
phenotypes,  including  prostate,  colorectal,  breast,  and  bladder  can¬ 


cers  have  been  identified  in  a  500-kb  region  of  a  gene  desert  at 
8q24,  approximately  200  kb  5'  of  MYC  [Jia  et  al.,  2009].  Functional 
studies  have  suggested  that  transcriptional  regulation  of  MYC  may 
explain  these  associations  [Jia  et  al.,  2009;  Pomerantz  et  al.,  2009]. 
In  contrast,  rsl0088218  is  >700  kb  3'  of  MYC.  Variants  in  this  re¬ 
gion  may  also  be  capable  of  distant  regulation  of  MYC.  However, 
PVT1,  a  noncoding  RNA  which  is  an  MYC  protein  target,  is  another 
plausible  candidate  in  this  region.  PVT1  is  amplified  in  breast  and 
ovarian  tumors,  and  is  overexpressed  in  transformed  cells  [Guan 
et  al.,  2007],  A  prostate  cancer  risk  variant  at  the  8q24  locus,  located 
0.5  Mb  upstream  of  the  PVT1  gene  has  recently  been  shown  to  be 
associated  with  increased  expression  of  the  PVT1  gene  rather  than 
affecting  MYC  expression  [Meyer  et  al.,  2011]. 

The  final  SNP,  rs9303542  at  17q21,  is  intronic  to  SKAP1,  a  src 
kinase-associated  phosphoprotein,  which  regulates  mitotic  pro¬ 
gression  [Fang  et  al.,  2009],  SKAP1  has  been  shown  to  suppress 
activation  of  RAS  and  RAF1  genes  that  may  have  a  role  in  the  early- 
stage  development  of  ovarian  cancer  [Kosco  et  al.,  2008] .  The  region 
also  contains  10  HOXB  genes  and,  as  described  earlier,  altered  ex¬ 
pression  of  HOX  genes  has  been  reported  in  many  cancers.  Of  the 
other  12  genes  in  this  region,  the  only  ones  with  a  suggested  role 
in  cancer  are,  PRAC,  encoding  a  small  nuclear  protein  which  is 
a  prostate  cancer  susceptibility  candidate,  CBX1,  which  may  play 
an  important  role  in  the  epigenetic  control  of  chromatin  structure 
and  gene  expression,  and  CDK5RAP3  that  may  be  involved  in  cell 
proliferation  [www.genecards.org;  Safran  et  al.,  2010]. 

We  have  previously  demonstrated  that  common  risk  alleles  for 
breast  cancer  increase  the  risk  of  breast  cancer  to  a  similar  relative 
extent  in  BRCA1  and  BRCA2  carriers  (once  estrogen  receptor  status 
is  taken  into  account).  These  results  demonstrate  that  the  same 
holds  true  for  ovarian  cancer  loci  identified  through  GWAS,  and 
provides  a  general  model  in  which  common  susceptibility  loci  and 
BRCA1  and  BRCA2  mutations  interact  multiplicatively  on  the  risk 
of  developing  ovarian  cancer  [Wacholder  et  al.,  20 1 1  ] .  Although  the 
HR  conferred  by  each  locus  is  modest,  the  HRs  are  much  larger  in 
combination.  These  translate  to  small  differences  in  absolute  risk 
between  different  genotypes  for  the  vast  majority  of  women  at  low 
risk  of  this  disease,  but  the  absolute  risk  differences  for  mutation 
carriers  will  be  much  greater.  As  more  genetic  modifiers  of  ovarian 
cancer  risk  are  identified,  in  the  future,  such  information  combined 
with  other  risk  factors  such  as  parity  and  oral  contraceptive  use  could 
be  incorporated  into  risk  prediction  algorithms  such  as  BOADICEA 
[Antoniou  et  al.,  2008b].  This  could  enable  the  stratification  of 
mutation  carriers  into  different  ovarian  cancer  risk  categories  and 
could  potentially  be  used  for  guiding  the  clinical  management  of 
mutation  carriers  with  respect  to  screening  or  prophylactic  surgery. 
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Alan  Donaldson,  Margaret  James.  East  Anglian  Regional  Genetics  Service, 
Cambridge:  Joan  Paterson,  Sarah  Downing,  Amy  Taylor.  Medical  Genet¬ 
ics  Services  for  Wales,  Cardiff:  Alexandra  Murray,  Mark  T.  Rogers,  Emma 
McCann.  St  James’s  Hospital,  Dublin  &  National  Centre  for  Medical  Ge¬ 
netics,  Dublin:  M.  John  Kennedy,  David  Barton.  South  East  of  Scotland 
Regional  Genetics  Service,  Edinburgh:  Mary  Porteous,  Sarah  Drummond. 
Peninsula  Clinical  Genetics  Service,  Exeter:  Carole  Brewer,  Emma  Kivuva, 
Anne  Searle,  Selina  Goodman,  Kathryn  Hill.  West  of  Scotland  Regional 
Genetics  Service,  Glasgow:  Rosemarie  Davidson,  Victoria  Murday,  Nicola 
Bradshaw,  Lesley  Snadden,  Mark  Longmuir,  Catherine  Watt,  Sarah  Gibson, 
Eshika  Haque,  Ed  Tobias,  Alexis  Duncan.  South  East  Thames  Regional  Ge¬ 
netics  Service,  Guy’s  Hospital  London:  Louise  Izatt,  Chris  Jacobs,  Caroline 
Langman,  Anna  Whaite.  North  West  Thames  Regional  Genetics  Service, 
Harrow:  Huw  Dorkins.  Leicestershire  Clinical  Genetics  Service,  Leicester: 
Julian  Barwell.  Yorkshire  Regional  Genetics  Service,  Leeds:  Julian  Adlard, 
Gemma  Serra-Feliu.  Cheshire  &  Merseyside  Clinical  Genetics  Service,  Liv¬ 
erpool:  Ian  Ellis,  Catherine  Houghton.  Manchester  Regional  Genetics  Ser¬ 
vice,  Manchester:  D  Gareth  Evans,  Fiona  Lalloo,  Jane  Taylor.  North  East 
Thames  Regional  Genetics  Service,  NE  Thames,  London:  Lucy  Side,  Alison 
Male,  Cheryl  Berlin.  Nottingham  Centre  for  Medical  Genetics,  Nottingham: 
Jacqueline  Eason,  Rebecca  Collier.  Northern  Clinical  Genetics  Service,  New¬ 
castle:  Fiona  Douglas,  Oonagh  Claber,  Irene  Jobson.  Oxford  Regional  Ge¬ 
netics  Service,  Oxford:  Lisa  Walker,  Diane  McLeod,  Dorothy  Halliday,  Sarah 
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R.A.  Tollenaar,  P.  Devilee;  Radboud  University  Nijmegen  Medical  Center, 
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Medical  Center,  NL:  C.M.  Aalfs,  T.A.  van  Os;  VU  University  Medical  Cen¬ 
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1 9p1 3.1  and  ZNF365  Loci  and  Breast  and  Ovarian  Cancer  Risk 


Abstract 

Background:  Genome-wide  association  studies  (GW AS)  identified  variants  at  19pl3.1  and  ZNF365  (10q21.2) 
as  risk  factors  for  breast  cancer  among  BRCA1  and  BRCA2  mutation  carriers,  respectively.  We  explored 
associations  with  ovarian  cancer  and  with  breast  cancer  by  tumor  histopathology  for  these  variants  in  mutation 
carriers  from  the  Consortium  of  Investigators  of  Modifiers  of  BRCA1/2  (CIMBA). 

Methods:  Genotyping  data  for  12,599  BRCA1  and  7,132  BRCA2  mutation  carriers  from  40  studies  were 
combined. 

Results:  We  confirmed  associations  between  rs8170  at  19pl3.1  and  breast  cancer  risk  for  BRCA1  mutation 
carriers  [HR,  1.17;  95%  confidence  interval  (Cl),  1.07-1.27;  P  =  7.42  x  10  4]  and  between  rsl6917302  at  ZNF365 
(HR,  0.84;  95%  Cl,  0.73-0.97;  P  =  0.017)  but  not  rs311499  at  20ql3.3  (HR,  1.11;  95%  Cl,  0.94-1.31;  P  =  0.22)  and 
breast  cancer  risk  for  BRCA2  mutation  carriers.  Analyses  based  on  tumor  histopathology  showed  that  19pl3 
variants  were  predominantly  associated  with  estrogen  receptor  (ER)-negative  breast  cancer  for  both  BRCA1 
and  BRCA2  mutation  carriers,  whereas  rsl6917302  at  ZNF365  was  mainly  associated  with  ER-positive  breast 
cancer  for  both  BRCA1  and  BRCA2  mutation  carriers.  We  also  found  for  the  first  time  that  rs67397200  at  19pl3.1 
was  associated  with  an  increased  risk  of  ovarian  cancer  for  BRCA1  (HR,  1.16;  95%  Cl,  1.05-1.29;  P  =  3.8  x  10  4) 
and  BRCA2  mutation  carriers  (HR,  1.30;  95%  Cl,  1.10-1.52;  P  =  1.8  x  10~3). 

Conclusions:  19pl3.1  and  ZNF365  are  susceptibility  loci  for  ovarian  cancer  and  ER  subtypes  of  breast  cancer 
among  BRCA1  and  BRCA2  mutation  carriers. 

Impact:  These  findings  can  lead  to  an  improved  understanding  of  tumor  development  and  may  prove 
useful  for  breast  and  ovarian  cancer  risk  prediction  for  BRCA1  and  BRCA2  mutation  carriers.  Cancer  Epidemiol 
Biomarkers  Prev ;  21(4);  645-57.  ©2012  AACR. 


Introduction 

Genome-wide  association  studies  (GW AS)  have  been 
used  to  identify  several  loci  containing  common  variants 
that  are  associated  (P  <  1.0  x  10  7)  with  breast  cancer  risk 
in  the  general  population.  Variants  from  12  of  these  loci 
have  also  been  investigated  as  modifiers  of  cancer  risk  in 
BRCA1  and  BRCA2  mutation  carriers  (1-3).  While  only 
variants  in  CASP8,  TOX3,  2q35,  and  6q25.1  have  been 
associated  with  breast  cancer  risk  in  BRCA1  mutation 
carriers,  variants  in  FGFR2,  TNRC9/TOX3,  MAP3K1, 
LSP1,  2q35,  SLC4A7/NEK10,  5pl2,  and  lpll.2  loci  have 
been  associated  with  breast  cancer  in  BRCA2  mutation 
carriers  (1-3).  This  is  consistent  with  the  known  associa¬ 
tions  between  these  single-nucleotide  polymorphisms 
(SNP)  and  estrogen  receptor  (ER)  status  of  breast  cancers 
in  the  general  population  (4). 

Most  recently,  a  GW  AS  of  BRCA1  mutation  carriers 
conducted  through  CIMBA  identified  5  SNPs  on  19pl3 
that  were  associated  with  breast  cancer  risk  for  BRCA1 
mutation  carriers  (5).  Two  of  these  showed  independent 
associations:  rs8170  [HR,  1.26;  95%  confidence  interval 
(Cl),  1.17-1.35;  Ptrend  =  2.3  x  1CT9]  and  rs2363956  (HR, 
0.84;  95%  Cl,  0.80-0.89;  Pu-end  =  5.5  x  10~9).  Imputation 
analysis  of  the  19pl3  region,  using  1000  Genomes  Project 
data,  identified  several  correlated  SNPs  with  more  signif¬ 
icant  associations  than  rs8170  and  rs2363956.  The  19pl3.1 
locus  was  also  found  to  be  associated  with  ER-negative 
breast  cancer  (rs8170:  OR,  1.21;  P  =  0.003)  and  triple¬ 
negative  breast  cancer  [tumors  lacking  expression  of  ER, 
progesterone  receptor  (PR),  and  human  epidermal 
growth  factor  receptor  2  (HER2);  rs8170:  OR,  1.28;  P  = 


1.2  x  10  h]  in  the  general  population  (5).  In  addition,  the 
19pl3.1  locus  has  been  associated  with  ovarian  cancer  in 
the  general  population  (rs8170:  OR,  1.12;  P  =  3.6  x  10~6; 
ref.  6)  but  was  not  found  to  be  associated  with  ovarian 
cancer  in  BRCA1  mutation  carriers  (rs8170:  HR,  1.07;  P  = 
0.33;  ref.  5).  A  separate  GW  AS  in  BRCA2  mutation  carriers 
identified  2  breast  cancer  susceptibility  alleles  [rsl6917302 
at  ZNF365  (10q21.2):  HR,  0.75;  95%  Cl,  0.66-0.86;  P  =  3.8  x 
10~5;  and  rs31 1499  at  20ql3.33:  HR,  0.72;  95%  Cl,  0.61-0.85; 
P  =  6.6  x  10~5;  ref.  7].  A  weakly  correlated  SNP  at  the 
ZNF365  locus  (rsl0995190)  has  also  been  associated  with 
breast  cancer  overall  (OR,  0.83;  P  =  5.1  x  10  15)  and  ER- 
positive  (P=  4.1  x  10  6)  but  not  ER-negative  breast  cancer 
in  the  general  population  (8). 

Here,  we  genotyped  more  than  12,000  BRCA1  and  7,000 
BRCA2  mutation  carriers  from  the  Consortium  of  Inves¬ 
tigators  of  Modifiers  of  BRCA1/2  (CIMBA),  for  the  previ¬ 
ously  genotyped  variant  at  19pl3.1,  rs8170,  and  one  of  the 
imputed  SNPs  that  was  found  to  have  a  stronger  associ¬ 
ation  with  breast  cancer  risk  for  BRCA1  mutation  carriers 
(rs67397200).  We  also  genotyped  SNPs  at  ZNF365 
(rsl6917302)  and  20ql3.3  (rs311499)  in  an  effort  to  verify 
these  loci  as  risk  factors  for  ovarian  cancer  and  to  further 
validate  these  loci  as  risk  factors  for  breast  cancer  in 
BRCA1  and  BRCA2  mutation  carriers. 

Materials  and  Methods 

Subjects 

All  mutation  carriers  participated  in  clinical  or  research 
studies  at  the  host  institutions  under  ethically  approved 
protocols  and  provided  written  informed  consent. 
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Subjects  were  BRCA1  and  BRCA2  mutation  carriers 
recruited  by  40  study  centers  in  22  countries  and  assem¬ 
bled  through  the  CIMBA  initiative  (Supplementary  Table 
SI).  The  majority  were  recruited  through  cancer  genetics 
clinics  and  enrolled  into  national  or  regional  studies. 
Others  were  identified  in  research  studies  of  high-risk 
families,  by  population-based  sampling  of  cases  and  some 
by  community  recruitment.  Eligibility  to  participate  in 
CIMBA  is  restricted  to  female  carriers  of  pathogenic 
BRCA1  or  BRCA2  mutations,  defined  by  generally  recog¬ 
nized  criteria  (Breast  Cancer  Information  Core),  who  were 
18  years  old  or  older  at  recruitment.  Information  collected 
included  the  year  of  birth;  mutation  description  (includ¬ 
ing  nucleotide  position  and  base  change);  age  at  last 
follow-up;  ages  at  breast  and  ovarian  cancer  diagnoses; 
and  age  or  date  at  bilateral  prophylactic  mastectomy. 
Information  was  also  available  on  the  country  of  resi¬ 
dence.  Related  individuals  were  identified  through  a 
unique  family  identifier.  Women  with  pathogenic  muta¬ 
tions  in  both  BRCA1  and  BRCA2  were  excluded  from  the 
current  analysis.  The  primary  analysis  was  restricted  to 
women  self-reported  as  "white  European."  Overlap  of 
carriers  between  studies  was  evaluated  by  comparing  the 
year  of  birth,  exact  mutation  description,  the  reported 
ages,  and  previous  SNP  genotype  data  available  within 
the  CIMBA  database.  Duplicated  mutation  carriers  were 
included  only  once  in  the  analysis. 

Genotyping 

rs311499  at  20ql3.3,  rsl6917302  at  ZNF365,  and  both 
rs8170  and  rs67397200  at  19pl3.1  were  genotyped  using 
the  iPLEX  Mass  Array  platform  at  4  genotyping  centers  as 
part  of  a  larger  study  of  24  candidate  SNPs.  All  centers 
included  at  least  2%  duplicate  samples  and  a  random 
mixture  of  affected  and  unaffected  carriers  on  each  plate. 
Samples  that  failed  for  5  or  more  of  the  SNPs  genotyped 
were  excluded  from  the  analysis.  Studies  with  an  SNP  call 
rate  of  <95%  were  excluded  from  the  analysis  of  the  SNP. 
The  concordance  between  duplicates  had  to  be  at  least 
98%.  To  assess  the  accuracy  of  genotyping  across  geno¬ 
typing  centers,  all  centers  genotyped  95  DNA  samples 
from  a  standard  test  plate  (Coriell  Institute,  Camden,  NJ) 
for  all  SNPs.  Genotyping  centers  with  more  than  one 
concordance  failure  on  the  test  plate  for  an  SNP  were 
excluded  for  analyses  of  that  SNP.  Deviation  from  Hardy- 
Weinberg  equilibrium  (HWE)  was  assessed  for  unrelated 
subjects  separately  for  each  SNP  and  study.  The  observed 
genotype  frequencies  were  not  significantly  different 
from  those  expected  under  HWE  for  any  of  the  SNPs  and 
studies.  After  the  above  exclusions,  a  total  of  19,731 
unique  mutation  carriers  (12,599  BRCA1  and  7,132 
BRCA2)  from  40  studies  had  an  observed  genotype  for 
at  least  one  SNP  (Supplementary  Table  SI). 

Tumor  pathology  data  collection 

Tumor  pathology  data  were  collected  from  patient 
pathology  reports,  medical  records,  pathology  review 
data,  tumor  registry  records,  and  results  from  tissue 


microarrays.  ER  status  was  identified  as  negative  or  pos¬ 
itive,  with  immunohistochemistry  scoring  data  and  meth¬ 
odology  provided  when  available.  Most  studies  applied  a 
cutoff  point  of  >10%  tumor  cells  stained  positive  for  ER- 
positive  status.  For  a  small  number  of  cases,  where  other 
scoring  methods  based  on  the  proportion  and  intensity  of 
staining  were  applied  (Allred  score,  Remmele  score,  and 
H-score),  widely  accepted  cutoff  points  were  used.  Con¬ 
sistency  checks  were  conducted  to  validate  receptor  data 
against  supplementary  scoring  information  if  provided. 

Statistical  analysis 

The  aim  of  the  primary  analysis  was  to  evaluate  the 
association  between  each  genotype  and  breast  cancer  risk. 
We  conducted  the  analysis  by  modeling  the  retrospective 
likelihood  of  the  observed  genotypes  conditional  on  the 
disease  phenotypes  as  previously  described  (9).  The  phe¬ 
notype  of  each  individual  was  defined  by  age  at  diagnosis 
of  breast  cancer  or  age  at  last  follow-up.  Individuals  were 
censored  at  the  earliest  of  age  of  first  breast  cancer  diag¬ 
nosis,  ovarian  cancer  diagnosis,  bilateral  prophylactic 
mastectomy,  or  age  at  last  observation.  Mutation  carriers 
censored  at  ovarian  cancer  diagnosis  were  considered 
unaffected  in  the  analysis  of  breast  cancer.  The  effect  of 
each  SNP  was  modeled  either  as  a  per-allele  HR  (multi¬ 
plicative  model)  or  as  separate  HRs  for  heterozygotes  and 
homozygotes.  We  used  a  Cox  proportional  hazards  model 
and  tested  the  assumption  of  proportional  hazards  by 
adding  a  "genotype  x  age"  interaction  term  to  fit  models  in 
which  the  HR  changed  with  age.  We  examined  heteroge¬ 
neity  across  studies  by  comparing  models  that  allowed  for 
study-specific  log  HRs  against  models  in  which  the  same 
log  HR  was  assumed  to  apply  to  all  studies.  All  analyses 
were  stratified  by  country  of  residence  and  applied 
cohort-specific  breast  cancer  incidence  rates  for  BRCA1 
and  BRCA2  (10).  A  robust  variance-estimation  approach 
was  used  to  adjust  for  the  nonindependence  among  relat¬ 
ed  carriers. 

To  evaluate  the  evidence  of  replication  for  each  of  the 
SNPs,  analyses  were  restricted  to  mutation  carriers  who 
had  not  been  used  in  any  of  the  previous  BRCA1  and 
BRCA2  studies.  The  number  of  new  samples  used  in  each 
of  the  SNP  analyses  is  shown  in  Supplementary  Table  S2. 
In  addition,  analyses  were  conducted  using  all  available 
BRCA1  and  BRCA2  carriers.  The  combined  effects  of  the 
SNPs  on  breast  cancer  risk  were  evaluated  by  fitting 
retrospective  likelihood  models  while  allowing  for  link¬ 
age  disequilibrium  between  the  loci.  To  test  for  potential 
effects  of  survival  bias,  prevalent  cases,  defined  as  muta¬ 
tion  carriers  diagnosed  more  than  5  years  prior  to  the  age 
at  recruitment,  were  excluded.  Associations  with  specific 
functional  class  of  mutation  were  also  assessed.  Class  1 
mutations  are  predicted  to  undergo  nonsense-mediated 
RNA  decay  resulting  in  reduced  levels  of  mutant  tran¬ 
script,  whereas  class  2  mutations  are  predicted  to  generate 
stable  mutant  proteins  (11).  The  associations  with  breast 
cancer  subtypes  defined  by  the  ER  status  of  the  tumors  in 
BRCA1  and  BRCA2  mutation  carriers  were  assessed  by  an 
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extension  of  the  retrospective  likelihood  approach  that 
models  the  simultaneous  effect  of  each  SNP  on  more  than 
one  tumor  subtype  (12).  Associations  with  ovarian  cancer 
risk  were  evaluated  within  a  competing  risk  analysis 
framework  (13)  by  estimating  HRs  simultaneously  for 
breast  and  ovarian  cancers.  Because  each  mutation  carrier 
was  at  risk  of  breast  and  ovarian  cancer,  we  assumed  that 
the  probabilities  of  developing  each  disease  were  inde¬ 
pendent  conditional  on  the  underlying  genotype.  In  this 
analysis,  individuals  were  followed  to  the  age  of  the  first 
breast  or  ovarian  cancer  diagnosis  and  were  considered  to 
have  developed  the  corresponding  disease.  Individuals 
were  censored  for  breast  cancer  at  the  age  of  bilateral 
prophylactic  mastectomy  and  for  ovarian  cancer  at  the  age 
of  bilateral  oophorectomy  and  were  assumed  to  be  unaf¬ 
fected  for  the  corresponding  disease.  The  remaining  indi¬ 
viduals  were  censored  at  the  age  at  last  observation  and 
were  assumed  to  be  unaffected  for  both  diseases. 

Results 

After  quality  control  exclusions,  genotype  data  from 
12,599  BRCA1  and  7,132  BRCA2  mutation  carriers  includ¬ 


ing  5,408  BRCA1  and  3,780  BRCA2  mutation  carriers  not 
studied  in  the  original  GW  AS  were  available  for  analysis. 
Of  the  BRCA1  mutation  carriers,  6,390  were  affected  with 
breast  cancer  and  6,209  were  considered  unaffected  in  the 
breast  cancer  analysis  (censored  at  bilateral  prophylactic 
mastectomy,  ovarian  cancer,  or  age  at  last  follow  up). 
Similarly,  among  the  BRCA2  mutation  carriers,  3,810  were 
affected  with  breast  cancer  and  3,322  were  unaffected.  The 
characteristics  of  these  mutation  carriers  are  shown 
in  Table  1  and  the  origins  of  the  samples  are  summarized 
in  Supplementary  Table  SI. 

The  associations  between  breast  cancer  risk  in  BRCA1 
and  BRCA2  mutation  carriers  and  the  minor  alleles  of 
rs8170  and  rs67397200  (19pl3.1),  rsl6917302  ( ZNF365 ), 
and  rs311499  (20ql3.33)  are  summarized  in  Table  2.  The 
minor  allele  of  rs8170  at  19pl3.1  was  strongly  associated 
with  risk  of  breast  cancer  in  BRCA1  mutation  carriers  (HR, 
1.20;  95%  Cl,  1.13-1.28;  P  =  8.7  x  10  9)  but  not  BRCA2 
mutation  carriers.  This  result  for  12,599  BRCA1  mutation 
carriers  was  consistent  with  the  original  finding  in  the 
BRCA1  GW  AS  using  8,363  BRCA1  mutation  carriers  (HR, 
1.26;95%CI,1.17-1.35;P  =  2.3  x  10  9).  A  separate  analysis 


Tablel.  Summary  characteristics  for  the  19,731  eligible  BRCA 1  and  BRCA2  mutation  carriers  used  in  the 


analysis 

Characteristic 

BRCA1 

BRCA2 

Unaffected 

Breast  cancer 

Unaffected 

Breast  cancer 

Number 

6,209 

6,390 

3,322 

3,810 

Person-years  follow-up 

264,903 

263,068 

147,053 

168,201 

Median  age  at  Censure  (IQR) 

42  (34-50) 

40  (34-47) 

43  (34-53) 

43  (37-50) 

Age  at  censure,  n  {%) 

<30 

1,189  (19.2) 

691  (10.8) 

611  (18.4) 

306  (8.0) 

30-39 

1 ,661  (26.8) 

2,445  (38.3) 

834  (25.1) 

1,141  (30.0) 

40-49 

1 ,765  (28.4) 

2,191  (34.3) 

865  (26.0) 

1 ,394  (36.6) 

50-59 

1,058  (17.0) 

812  (12.7) 

566  (17.0) 

687  (18.0) 

60-69 

380  (6.1) 

198(3.1) 

302  (9.1) 

226  (5.9) 

70+ 

156  (2.5) 

53  (0.8) 

144  (4.3) 

56  (1 .5) 

Year  of  birth,  n  (%) 

<1920 

28  (0.5) 

30  (0.5) 

23  (0.7) 

44  (1 .2) 

1920-1929 

131  (2.1) 

196(3.1) 

99  (3.0) 

167  (4.4) 

1930-1939 

369  (5.9) 

516(8.1) 

232  (7.0) 

430  (1 1 .3) 

1940-1949 

832  (13.4) 

1 ,341  (21 .0) 

458  (13.8) 

896  (23.5) 

1950-1959 

1 ,409  (22.7) 

1,989  (31.1) 

691  (20.8) 

1,160(60.5) 

1960-1969 

1 ,703  (27.4) 

1,666  (26.1) 

902  (27.2) 

868  (22.8) 

1970+ 

1 ,737  (28.0) 

652  (10.2) 

917  (27.6) 

245  (6.4) 

Mutation  class,  n  (%) 

Class  1a 

4,063  (65.4) 

3,878  (60.7) 

3,114  (93.7) 

3,520  (92.4) 

Class  2a 

1 ,780  (28.7) 

1 ,973  (30.9) 

72  (2.2) 

100  (2.6) 

Other 

366  (5.9) 

539  (8.4) 

136  (4.1) 

190  (5.0) 

NOTE:  Carriers  of  self  reported  European  ancestry  only. 
Abbreviation:  IQR,  interquartile  range. 
aSee  Materials  and  Methods  for  definitions. 
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Table  2.  Evaluation  of  associations  between  SNPs  and  breast  cancer  risk  among  BRCA1  and  BRCA2 
mutation  carriers  of  European  ancestry 

SN P/mutation  Genotype  Unaffected,  N  (%)  Affected,3  N  (%)  HR  (95%  Cl)  P 

rs8170— 19p13.1 


BRCA  1 

GG 

3,870  (67.5) 

3,755  (63.3) 

1.00 

AG 

1 ,689  (29.4) 

1 ,950  (32.9) 

1.22  (1.14-1.31) 

AA 

178  (3.1) 

227  (3.8) 

1.35  (1.13-1.62) 

Per-allele 

1.20  (1.13-1 .28) 

8.7  x  10-9 

BRCA2 

GG 

2,047  (66.3) 

2,501  (68.2) 

1.00 

AG 

931  (30.2) 

1 ,026  (28.0) 

0.93  (0.84-1 .03) 

AA 

108  (3.5) 

138  (3.8) 

1.16  (0.89-1.52) 

Per-allele 

0.98  (0.90-1.07) 

0.67 

rs67397200— 

19p13.1 

BRCA  1 

CC 

2,536  (51.0) 

2,455  (46.0) 

1.00 

GC 

2,022  (40.6) 

2,397  (44.9) 

1.24  (1.16-1 .34) 

GG 

415  (8.4) 

487  (9.1) 

1.25  (1.10-1 .43) 

Per-allele 

1.17  (1.11-1 .23) 

2.4  x  10~8 

BRCA  2 

CC 

1 ,553  (49.8) 

1,871  (50.7) 

1.00 

GC 

1,302  (41.7) 

1 ,494  (40.5) 

0.95  (0.87-1 .04) 

GG 

265  (8.5) 

323  (8.8) 

1.07  (0.91-1 .27) 

Per-allele 

1 .00  (0.93-1 .07) 

0.97 

rs31 1 499— 20q1 3.3 

BRCA  1 

GG 

5,346  (86.2) 

5,484  (85.9) 

1.00 

AG 

816  (13.2) 

873  (13.7) 

1.03  (0.94-1.13) 

AA 

41  (0.7) 

28  (0.4) 

0.67  (0.42-1.08) 

Per-allele 

1.00  (0.91-1.09) 

0.94 

BRCA  2 

GG 

2,873  (86.6) 

3,312  (87.0) 

1.00 

AG 

429  (13.0) 

475  (12.5) 

0.94  (0.82-1.07) 

AA 

16(0.5) 

21  (0.6) 

0.97  (0.60-1.57) 

Per-allele 

0.95  (0.84-1 .07) 

0.36 

rsl  691 7302- 

10q21.2 

BRCA  1 

AA 

4,913  (79.3) 

5,084  (79.7) 

1.00 

CA 

1,216  (19.6) 

1,222  (19.2) 

0.96  (0.88-1.01) 

CC 

71  (1.1) 

73  (1.1) 

0.94  (0.69-1 .27) 

Per-allele 

0.96  (0.89-1 .03) 

0.27 

BRCA  2 

AA 

2,583  (77.9) 

3,101  (81.5) 

1.00 

CA 

691  (20.8) 

674  (17.7) 

0.82  (0.74-0.92) 

CC 

41  (1.2) 

32  (0.8) 

0.78  (0.49-1 .23) 

Per-allele 

0.83  (0.75-0.93) 

7.0  x  10~4 

aBreast  cancer. 


restricted  to  carriers  not  used  in  the  BRCA1  GW  AS  also 
confirmed  the  association  (HR,  1.17;  95%  Cl,  1.07-1.27;  P  = 
7.42  x  1CT4;  Supplementary  Table  S2).  Similarly, 
rs67397200  at  19pl3.1,  which  was  imputed  in  the  BRCA1 
GW  AS,  was  strongly  associated  with  breast  cancer  risk  in 
BRCA1  carriers  (HR,  1.17;  95%  Cl,  1.11-1.23;  P  =  2.4  x 
1CT8;  Table  2).  There  was  no  evidence  of  heterogeneity  in 
the  HRs  across  studies  for  BRCA1  mutation  carriers  (Fig. 
1).  However,  there  was  evidence  that  the  per-allele  HRs  in 
BRCA1  mutation  carriers  for  rs8170  ( P  =  0.015)  and 
rs67397200  ( P  =  0.007)  at  19pl3.1  decreased  with  increas¬ 
ing  age  of  diagnosis  of  breast  cancer.  Because  rs8170  and 
rs67397200  are  located  in  the  same  region  of  19pl3.1  (r2  = 


0.58),  we  conducted  an  analysis  for  the  joint  effects  of  these 
SNPs  on  breast  cancer  risk  in  BRCA1  mutation  carriers  (n 
=  10,173).  When  accounting  for  haplotype  structure, 
rs67397200  remained  significant  (P  for  inclusion  =  2.75 
x  1CT3)  and  was  retained  in  the  model,  whereas  rs8170 
was  excluded  (P  for  inclusion  =  0.18).  rs8170  and 
rs67397200  were  not  associated  with  breast  cancer  risk 
for  BRCA2  mutation  carriers  (Table  2). 

Among  SNPs  identified  from  the  original  BRCA2 
GW  AS,  an  analysis  of  genotype  data  from  7,132  BRCA2 
mutation  carriers  confirmed  that  rsl6917302  at  the 
ZNF365  locus  was  associated  with  a  decreased  risk  of 
breast  cancer  (HR,  0.83;  95%  Cl,  0.75-0.93;  P  =  7.0  x  10  A 
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Figure  1 .  Forest  plots  of  the  associations  by  country  of  residence  oWRCAl  and  BRCA2  mutation  carriers  with  breast  cancer  risk  overall.  A-C,  squares  indicate 
the  country-specific  per-allele  HR  estimates  for  SNPs  (A)  rs8170  for  BRCA1  mutation  carriers,  (B)  rs67397200  for  BRCA1  mutation  carriers,  and  (C) 
rsl  691 7302  for  BRCA2  mutation  carriers.  The  area  of  the  square  is  proportional  to  the  inverse  of  the  variance  of  the  estimate.  Horizontal  lines  indicate  95%  CIs. 


The  association  also  replicated  in  the  additional  carriers, 
not  previously  included  in  the  BRCA2  GW  AS  (HR,  0.84; 
95%  Cl,  0.73-0.97;  P  =  0.017;  Supplementary  Table  S2).  In 
contrast,  rs311499  from  20ql3.3,  which  was  associated 
with  breast  cancer  risk  in  the  BRCA2  GW  AS  (HR,  0.72; 
95%  Cl,  0.61-0.85;  P  =  6.6  x  10  5;  ref.  7),  was  not  associated 
with  risk  of  breast  cancer  in  BRCA2  carriers  in  the  overall 
analysis  (HR,  0.95;  95%  Cl,  0.84-1 .07;  P  =  0.36;  Table  2),  nor 
the  replication  study  (HR,  1.11;  95%  Cl,  0.94-1 .31;  P  =  0.22; 
Supplementary  Table  S2).  There  was  no  evidence  for 
heterogeneity  in  the  HRs  across  studies  for  BRCA2  muta¬ 
tion  carriers  (Fig.  1).  HRs  for  rsl6917302  and  rs311499  did 
not  vary  by  age  at  diagnosis. 

To  determine  whether  the  inclusion  of  long-term  sur¬ 
vivors  influenced  the  results,  we  repeated  our  analyses  of 
the  4  SNPs,  excluding  BRCA1  and  BRCA2  mutation  car¬ 
riers  diagnosed  with  breast  cancer  more  than  5  years 
before  recruitment  (prevalent  cases).  The  strength  of  the 
associations  for  rsl6917302  at  ZNF365  (per-allele  HR,  0.85) 
for  BRCA2  mutation  carriers  and  for  rs8170  (per-allele  HR, 
1.19)  and  rs67397200  at  19pl3.1  (per-allele  HR,  1.16)  for 
BRCA1  mutation  carriers  were  essentially  unchanged 
(Supplementary  Table  S3).  There  was  no  influence  of 
mutation  type  for  BRCA1  mutation  carriers  on  breast 
cancer  risk  in  the  associations  between  mutations  confer¬ 
ring  susceptibility  to  nonsense-mediated  RNA  decay 
(NMD;  class  1)  and  missense  or  truncating  mutations  not 
triggering  NMD  (class  2)  for  any  of  the  SNPs  (Supple¬ 
mentary  Table  S4). 

Breast  tumors  in  BRCA1  mutation  carriers  are  predom¬ 
inantly  ER-negative  (14)  and  rs8170  from  19pl3.1  is 
strongly  associated  with  ER-negative  but  not  ER-positive 
breast  cancer  in  the  general  population  (5).  Because  of 
these  previous  findings,  we  evaluated  whether  rs8170  and 
rs67397200  at  19pl3.1,  as  well  as  rs311499  at  20ql3.3  and 


rsl6917302  at  ZNF365,  were  differentially  associated  with 
ER-positive  and/or  ER-negative  tumor  status  in  BRCA1 
and  BRCA2  mutation  carriers.  Although  the  stratified 
results  suggested  a  slightly  stronger  association  for  the 
19pl3.1  rs67397200  SNP  with  ER-negative  disease  than 
with  ER-positive  disease  in  BRCA1  mutation  carriers  (per- 
allele  ER-negative  HR,  1.22;  95%  Cl,  1.14-1.30;  P  =  4.4  x 
10~9;  per-allele  ER-positive  HR,  1.14;  95%  Cl,  1.01-1.30;  P 
=  0.040),  the  difference  was  not  significant  ( P  =  0.41 ;  Table 
3).  rs67397200,  however,  was  associated  with  ER-negative 
disease  (per-allele  HR,  1.29;  95%  Cl,  1.11-1.49;  P  =  8.7  x 
10  4)  but  not  ER-positive  disease  (per-allele  HR,  0.92;  95% 
Cl,  0.85-1.01;  P  =  0.074)  in  BRCA2  mutation  carriers 
(Pheterogeneity  =  1  -5  x  10~4;  Table  3).  The  lack  of  association 
with  rs311499  at  20ql3.3  did  not  vary  by  ER  status  in 
BRCA1  or  BRCA2  mutation  carriers.  For  BRCA2  mutation 
carriers,  the  minor  allele  of  rsl6917302  at  ZNF365  was 
inversely  associated  with  both  ER-positive  (per-allele 
HR,  0.86;  95%  Cl,  0.75-0.97;  P  =  0.016)  and  ER-negative 
tumors  (per-allele  HR,  0.79;  95%  Cl,  0.62-1.00;  P  =  0.048; 
Pheterogeneity  =  0-56;  Table  3).  However,  in  BRCA1  mutation 
carriers,  rsl6917302  was  associated  with  ER-positive  (per- 
allele  ER-positive  HR,  0.77;  95%  Cl,  0.62-0.95;  P  =  0.016) 
but  not  ER-negative  status  (Pheterogeneity  =  0.028;  Table  3). 

BRCA1  and  BRCA2  mutations  are  associated  with  ele¬ 
vated  risk  of  ovarian  cancer.  In  this  CIMBA  study,  1,465 
BRCA1  mutation  carriers  and  453  BRCA2  mutation  car¬ 
riers  who  developed  ovarian  cancer  were  also  genotyped 
for  the  4  SNPs  under  study.  T o  assess  the  influence  of  these 
SNPs  on  ovarian  cancer  risk  in  BRCA1  and  BRCA2  muta¬ 
tion  carriers,  we  used  a  competing  risk  analysis  that 
evaluated  the  associations  with  breast  and  ovarian  cancer 
risk  simultaneously.  While  previous  studies  did  not  detect 
an  association  between  rs8170  at  19pl3.1  and  ovarian 
cancer  in  BRCA1  or  BRCA2  mutation  carriers  (5),  in  this 
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Table  3.  Associations  between  SNPs  and  breast  cancer  risk  by  ER  status  of  breast  cancer  cases  among 
women  with  BRCA1  and  BRCA2  mutations 


Affected3  (N) 

ER+ 

ER 

Case  Phetb 

P trend 

SNP/mutation  Unaffected,  N 

ER 

ER+ 

HR  (95%  Cl) 

P trend 

HR  (95%  Cl) 

P trend 

rs8170— 19p13.1 

BRCA1  4,483 

1,820 

541 

1.12  (0.96-1.29) 

0.15 

1.23  (1.14-1 .33) 

2.0  x  10-7 

0.26 

BRCA2  2,738 

401 

1,343 

0.94  (0.85-1 .05) 

0.26 

1.18  (0.99-1 .40) 

0.058 

0.026 

rs67397200 — 1 9p1 3. 1 

BRCA1  4,486 

1,821 

542 

1.14(1.01-1.30) 

0.040 

1.22  (1.14-1.30) 

4.4  x  10~9 

0.41 

BRCA2  2,733 

401 

1,349 

0.92  (0.85-1.01) 

0.074 

1.29  (1.11-1 .49) 

8.7  x  10~4 

1.5  x  10~4 

rs3 1 1 499 — 20q  1 3.3 

BRCA1  4,898 

1,890 

559 

1.07  (0.87-1.31) 

0.51 

0.95  (0.85-1 .06) 

0.35 

0.31 

BRCA2  2,930 

406 

1,372 

0.95  (0.82-1 .09) 

0.48 

0.83  (0.63-1.10) 

0.19 

0.40 

rsl  691 7302—1 0q21. 2 

BRCA1  4,897 

1,888 

558 

0.77  (0.62-0.95) 

0.016 

1.01  (0.92-1.11) 

0.85 

0.028 

BRCA2  2,927 

406 

1,372 

0.86  (0.75-0.97) 

0.016 

0.79  (0.62-1.00) 

0.048 

0.56 

aBreast  cancer 

bP  value  for  heterogeneity  in  the  associations  with  ER-positive  and  ER-negative  breast  cancer. 


competing  risk  analysis  with  larger  numbers  of  BRCA1 
and  BRCA2  mutation  carriers,  rs8170  was  significantly 
associated  with  ovarian  cancer  risk  in  both  BRCA1  (HR, 
1.15;  95%  Cl,  1.03-1.29;  P  =  0.015)  and  BRCA2  (HR,  1.34; 
95%  Cl,  1.12-1.62;  P  =  1.9  x  1CT3)  mutation  carriers  (Table 
4).  Similarly  rs67397200  at  19pl3.1  was  associated  with 
ovarian  cancer  risk  in  both  BRCA1  (HR,  1 .16;  95%  Cl,  1 .05- 
1.29;  P  =  3.8  x  10~4)  and  BRCA2  (HR,  1.30;  95%  Cl,  1.10- 
1.52;  P  =  1.8  x  10~3)  mutation  carriers  (Table  4).  rs311499 
at  20ql3.3  and  rsl6917302  at  ZNF365  were  not  associated 
with  ovarian  cancer  risk  for  either  BRCA1  or  BRCA2 
mutation  carriers  (Table  4). 

Discussion 

GW  AS  of  BRCA1  and  BRCA2  mutation  carriers  previ¬ 
ously  identified  variants  at  19pl3.1,  ZNF365,  and  20ql3.3 
as  candidate  breast  cancer  risk  modifiers  (5,  7).  In  this 
study,  we  further  evaluated  associations  between  variants 
at  these  loci  and  both  breast  and  ovarian  cancer  in  BRCA1 
and  BRCA2  mutation  carriers.  For  the  first  time,  we  found 
that  both  rs8170  and  the  previously  imputed  rs67397200  at 
19pl3.1  were  strongly  associated  with  ovarian  cancer  in 
both  BRCA1  and  BRCA2  mutation  carriers.  In  addition,  we 
found  that  rs8170  and  rs67397200  at  19pl3.1  were  associ¬ 
ated  with  breast  cancer  risk  for  BRCA1  and  rsl6917302  at 
ZNF365  was  associated  with  breast  cancer  in  BRCA2 
mutation  carriers  in  this  replication  study  using  an  inde¬ 
pendent  set  of  mutation  carriers  and  in  the  combined 
analyses  of  data  from  the  original  study  and  the  replica¬ 
tion  study.  In  contrast,  rs311499  at  20ql3.3  showed  no 
association  with  breast  cancer  in  the  replication  study.  We 
also  report  for  the  first  time  that  the  BRCA1  GW  AS  SNP 
rs67397200  is  associated  with  ER-negative  breast  cancer  in 


BRCA2  mutation  carriers  and  that  the  BRCA2  GW  AS  SNP 
rsl6917302  is  associated  with  ER-positive  disease  in 
BRCA1  mutation  carriers. 

The  GW  AS  for  breast  cancer  in  BRCA1  mutation  car¬ 
riers  originally  identified  significant  associations  between 
variants  at  the  19pl3.1  locus  and  risk  of  breast  cancer.  Five 
SNPs  including  rs8170  from  a  39-kb  region  were  associ¬ 
ated  with  risk  of  disease.  In  an  analysis  of  joint  effects  of 
these  SNPs  on  breast  cancer  risk,  the  best  model  included 
rs8170  or  rs4808611  and  rs8100241  or  rs2363956  (P  for 
inclusion  =  7.7  x  1CT5  and  P  =  6.7  x  10~5  for  rs8170  and 
rs8100241,  respectively;  ref.  5),  suggesting  that  the  asso¬ 
ciations  were  driven  by  a  single  causative  variant  partially 
correlated  with  all  5  SNPs.  Imputation  of  additional  SNPs 
in  the  region  from  the  1000  Genome  Project  identified  8 
perfectly  correlated  SNPs  within  a  13-kb  region  that  were 
more  significantly  associated  with  breast  cancer  risk.  Of 
these,  we  chose  rs67397200,  which  has  an  r2  =  0.58  with 
rs8170  and  r2  =  0.37  with  rs8100241  / rs2363956,  for  further 
genotyping  in  an  effort  to  determine  whether  this  SNP  (or 
1  of  the  7  other  highly  correlated  SNPs)  exhibited  stronger 
associations  with  breast  cancer.  In  an  analysis  of  rs8170  in 
11,669  and  rs67397200  in  10,312  BRCA1  mutation  carriers, 
we  observed  similarly  strong  associations  with  breast 
cancer  for  BRCA1  mutation  carriers.  In  a  joint  analysis  of 
rs8170  and  rs67397200,  allowing  for  haplotype  structure, 
only  rs67397200  remained  significant.  We  were  unable  to 
genotype  some  of  the  original  GW  AS  SNPs  (rs2363956/ 
rs81 00241)  in  the  present  study  and,  as  a  consequence, 
could  not  evaluate  the  joint  associations  with  rs67397200. 
It  is  therefore  still  unclear  whether  rs67397200  accounts 
solely  for  the  association  signal.  The  35-kb  region  contain¬ 
ing  rs8170  and  rs67397200  includes  the  ABHD8 
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(abhydrolase  domain  containing  8),  ANKLE1  (ankyrin 
repeat  and  LEM  domain  containing  1),  and  C19orf62 
genes.  C19orf62,  encodes  MERIT40  (mediator  of  Rap80 
interactions  and  targeting  40  kD),  a  BRCA1  -interacting 
protein  that  forms  a  complex  with  BRCA1-BARD1, 
Abraxasl,  RAP80,  BRCC36,  and  BRCC45  and  is  required 
for  recruitment  and  retention  of  the  BRCA1-BARD1  ubi- 
quitin  ligase  at  sites  of  DNA  damage  (15).  Because  altera¬ 
tions  in  MERIT40  expression  or  function  may  modify 
BRCA1  activity,  variants  in  the  C19orf62  locus  are  attrac¬ 
tive  candidate  breast  cancer  risk  modifiers.  However,  as 
rs67397200  and  the  7  other  imputed  SNPs  that  showed  the 
most  significant  associations  with  breast  cancer  risk  in 
BRCA1  mutation  carriers,  are  located  at  the  3'  end  of 
ANKLE1  near  ABHD8,  it  is  also  possible  that  one  of  these 
genes  rather  than  C19orf62  is  influenced  by  the  underlying 
causative  variants  in  this  region.  Further  comprehensive 
genotyping  of  other  common  variants  and/or  rare  SNPs 
from  this  locus  and  detailed  functional  studies  will  be 
required  to  resolve  this  issue. 

Our  GW  AS  for  breast  cancer  in  BRCA2  mutation  car¬ 
riers  previously  identified  strong  associations  between 
rsl6917302  in  the  ZNF365  (dbGENE  ID:  22891)  locus  and 
breast  cancer  (7).  We  have  now  replicated  this  association 
for  BRCA2  mutation  carriers.  rsl6917302  is  located  within 
intron  4  of  ZNF365  and  is  unique  to  isoform  C,  the  longest 
of  the  4  isoforms  created  by  alternative  splicing  sites  (16). 
In  independent  studies,  rsl0995195  in  ZNF365,  which  is  27 
kb  upstream  from  and  only  weakly  correlated  ( r 2  =  0.1) 
with  rsl6917302,  has  been  associated  with  breast  cancer 
risk  (8)  and  with  mammographic  density  (17)  in  the 
general  population.  In  addition,  a  cluster  of  SNPs  located 
154  kb  from  rsl6917302  in  isoform  D  of  ZNF365  has  been 
associated  with  Crohn  disease  (18-20),  and  the  region  has 
also  been  implicated  in  family-based  linkage  analyses 
with  uric  acid  nephrolithiasis  (21)  and  hypotrichosis 
(22).  It  is  unclear  whether  there  is  genetic  or  biologic 
linkage  between  these  seemingly  disparate  phenotypes. 
Further  fine  mapping  of  the  ZNF365  region  and  functional 
analyses  will  be  needed  to  identify  the  causative  variants 
for  each  phenotype  and  to  understand  the  downstream 
biologic  effects. 

Likewise,  rs311499  at  20ql3.3  was  associated  with 
breast  cancer  risk  in  BRCA2  mutation  carriers  in  the 
BRCA2  GWAS  (per-allele  HR,  0.72;  95%  Cl,  0.61-0.85; 
P  =  6.6  x  10  5).  However,  this  association  was  not  con¬ 
firmed  in  the  replication  study  described  above  (HR,  1.11; 
95%  Cl,  0.94-1.31;  P  =  0.22)  or  in  the  combined  analysis  of 
the  discovery  and  replication  stages  (HR,  0.95;  95%  Cl, 
0.84-1.07;  P  —  0.36).  This  result  was  not  unexpected 
because  the  association  between  rs311499  and  breast  can¬ 
cer  did  not  reach  significance  (P  <  0.05)  in  stage  II  of  the 
BRCA2  GWAS  (HR,  0.86;  95%  Cl,  0.67-1.06;  P  =  0.13; 
ref.  7). 

To  further  characterize  the  influence  of  the  19pl3.1 
and  ZNF365  loci  on  breast  cancer  risk,  we  assessed  the 
strength  of  association  with  ER-negative  and  ER-posi- 
tive  breast  cancer  in  BRCA1  and  BRCA2  mutation  car¬ 


riers.  As  reported  above,  rs67397200  at  19pl3.1  was 
associated  with  both  ER-negative  and  ER-positive 
breast  cancer  in  BRCA1  mutation  carriers,  whereas 
rs8170  at  19pl3.1  was  only  associated  with  ER-negative 
disease.  Interestingly,  rs67397200  and  rs8170  were  also 
associated  with  ER-negative  breast  cancer  but  not  ER- 
positive  breast  cancer  in  BRCA2  mutation  carriers.  This 
is  consistent  with  our  previous  finding  that  rs8170  at 
19pl3.1  is  more  strongly  associated  with  ER-negative 
than  ER-positive  breast  cancer  in  the  general  population 
(5).  Given  that  the  majority  of  BRCA1  breast  tumors 
exhibit  a  basal  breast  cancer  phenotype  (14),  it  remains 
to  be  determined  whether  ER-positive  basal  cases 
account  for  the  mild  association  with  ER-positive  dis¬ 
ease  in  BRCA1  mutation  carriers. 

In  contrast,  we  found  that  rsl6917302  in  the  ZNF365 
locus  was  associated  with  both  ER-positive  and  ER-neg¬ 
ative  disease  in  BRCA2  mutation  carriers.  This  was  con¬ 
sistent  with  associations  for  both  ER-positive  and  ER- 
negative  breast  cancer  in  a  recent  GWAS  of  breast  cancer 
cases  with  a  family  history  of  the  disease  (8).  In  contrast, 
among  BRCA1  mutation  carriers,  the  association  with 
breast  cancer  risk  was  restricted  to  ER-positive  cases.  This 
suggests  that  refinement  of  phenotype,  perhaps  in  specific 
subpopulations,  may  result  in  detection  of  previously 
hidden  associations. 

Ovarian  cancer  is  an  important  component  of  the  cancer 
phenotype  in  both  BRCA1  and  BRCA2  mutation  carriers. 
Because  breast  and  ovarian  cancer  can  occur  in  the  same 
mutation  carriers,  it  has  been  suggested  that  susceptibility 
SNPs  common  to  breast  and  ovarian  cancer  may  exist  in 
these  populations.  However,  to  date,  none  of  the  SNPs 
associated  with  breast  cancer  risk  in  BRCA1  or  BRCA2 
mutation  carriers  have  been  associated  with  ovarian  can¬ 
cer  risk.  Similarly,  SNPs  in  the  BCN2  locus  that  are 
associated  with  ovarian  cancer  risk  in  BRCA1  and  BRCA2 
mutation  carriers  are  not  associated  with  breast  cancer 
risk  (13).  Furthermore,  in  the  general  population,  only 
SNPs  in  the  8q24  locus  are  known  to  influence  both  breast 
and  ovarian  cancer,  and  these  appear  to  be  independent 
disease-specific  effects  (23).  Thus,  the  recent  finding  that 
SNPs  at  19pl3.1  were  associated  with  breast  cancer  in 
BRCA1  mutation  carriers  (5)  and  also  with  ovarian  cancer 
in  the  general  population  (6)  raised  the  possibility  that  a 
locus  with  common  influences  on  breast  and  ovarian 
cancer  does  exist.  However,  the  BRCA1  GWAS  failed  to 
detect  any  association  for  19pl3.1  SNPs  with  ovarian 
cancer  among  BRCA1  mutation  carriers  (843  ovarian 
cases;  HR,  1.07;  95%  Cl,  0.93-1.24;  P  =  0.33;  ref.  5).  Here, 
we  reevaluated  associations  between  19pl3.1  SNPs  and 
ovarian  cancer  using  larger  numbers  of  BRCA1  ( n  =  1,312) 
and  BRCA2  (n  =  429)  carriers  diagnosed  with  ovarian 
cancer.  rs67397200  at  19pl3.1  was  associated  with  ovarian 
cancer  risk  in  both  BRCA1  (HR,  1.16;  95%  Cl,  1 .05-1 .29;  P  = 
3.8  x  10~4)  and  BRCA2  (HR,  1 .30;  95%  Cl,  1.10-1 .52;  P  =  1.8 
x  10~3)  mutation  carriers.  The  magnitude  of  the  effect 
on  ovarian  cancer  risk  in  BRCA1  carriers  (HR  =  1.16) 
was  similar  to  that  observed  for  breast  cancer.  This  is 
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the  first  locus  found  to  influence  both  breast  and 
ovarian  cancer  risk  in  either  BRCA1  or  BRCA2  mutation 
carriers. 

Including  the  SNPs  from  the  present  study,  6  loci  are 
now  known  to  modify  the  risk  of  breast  cancer  for  BRCA1 
mutation  carriers  [CASP8,  TOX3, 2q35, 6q25.1, 19pl3,  and 
ZNF365  (ER-positive  disease  only);  refs.  1-3, 5, 10, 24]  and 
10  loci  are  known  to  modify  the  risk  of  breast  cancer  for 
BRCA2  mutation  carriers  [FGFR2,  TOX3,  MAP3K1,  LSP1, 
2q35,  SLC4A7,  5pl2,  ZNF365,  lpll.2,  and  19pl3.1  (ER- 
negative  only);  refs.  5,  7,  10,  24],  Taken  together,  these 
SNPs  result  in  large  variation  in  the  absolute  risk  of  breast 
cancer  for  BRCA1  and  BRCA2  mutation  carriers  and  may 
further  improve  our  ability  to  provide  individualized 
risks  of  breast  cancer  for  BRCA1  and  BRCA2  mutation 
carriers. 
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Abstract 

BRCA /-associated  breast  and  ovarian  cancer  risks  can  be  modified  by  common  genetic  variants.  To  identify  further  cancer 
risk-modifying  loci,  we  performed  a  multi-stage  GWAS  of  1 1,705  BRCA1  carriers  (of  whom  5,920  were  diagnosed  with  breast 
and  1,839  were  diagnosed  with  ovarian  cancer),  with  a  further  replication  in  an  additional  sample  of  2,646  BRCA1  carriers. 
We  identified  a  novel  breast  cancer  risk  modifier  locus  at  1q32  for  BRCA1  carriers  (rs2290854,  P  =  2.7x10~8,  HR=  1.14,  95% 
Cl:  1.09-1.20).  In  addition,  we  identified  two  novel  ovarian  cancer  risk  modifier  loci:  17q21.31  (rsl 763 1 303,  P=1.4x10-8, 
HR  =1.27,  95%  Cl:  1.17-1.38)  and  4q32.3  (rs4691139,  P  =  3.4x1(T8,  HR  =  1.20,  95%  Cl:  1.17-1.38).  The  4q32.3  locus  was  not 
associated  with  ovarian  cancer  risk  in  the  general  population  or  BRCA2  carriers,  suggesting  a  BRCA  7-specific  association.  The 
17q21 .31  locus  was  also  associated  with  ovarian  cancer  risk  in  8,21 1  BRCA2  carriers  (P  =  2x10~4).  These  loci  may  lead  to  an 
improved  understanding  of  the  etiology  of  breast  and  ovarian  tumors  in  BRCA1  carriers.  Based  on  the  joint  distribution  of 
the  known  BRCA1  breast  cancer  risk-modifying  loci,  we  estimated  that  the  breast  cancer  lifetime  risks  for  the  5%  of  BRCA1 
carriers  at  lowest  risk  are  28%-50%  compared  to  81  %— 1 00%  for  the  5%  at  highest  risk.  Similarly,  based  on  the  known 
ovarian  cancer  risk-modifying  loci,  the  5%  of  BRCA1  carriers  at  lowest  risk  have  an  estimated  lifetime  risk  of  developing 
ovarian  cancer  of  28%  or  lower,  whereas  the  5%  at  highest  risk  will  have  a  risk  of  63%  or  higher.  Such  differences  in  risk  may 
have  important  implications  for  risk  prediction  and  clinical  management  for  BRCA1  carriers. 
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Introduction 

Breast  and  ovarian  cancer  risk  estimates  for  BRCA1  mutation 
carriers  vary  by  the  degree  of  family  history  of  the  disease, 
suggesting  that  other  genetic  factors  modify  cancer  risks  for  this 
population  [1—4],  Studies  by  the  Consortium  of  Investigators  of 
Modifiers  of  BRCA1/2  (CIMBA)  have  shown  that  a  subset  of 
common  alleles  influencing  breast  and  ovarian  cancer  risk  in  the 
general  population  are  also  associated  with  cancer  risk  in  BRCA1 
mutation  carriers  [5-11].  In  particular,  the  breast  cancer 
associations  were  limited  to  loci  associated  with  estrogen  receptor 
(ER)-negative  breast  cancer  in  the  general  population  (6q25.1, 
12pll  and  TOX3)  [8-11], 

To  systematically  search  for  loci  associated  with  breast  or 
ovarian  cancer  risk  for  BRCA1  carriers  we  previously  conducted  a 


two-stage  genome-wide  association  study  (GWAS)  [12].  The  initial 
stage  involved  analysis  of  555,616  SNPs  in  2383  BRCA1  mutation 
carriers  (1,193  unaffected  and  1,190  affected).  After  replication 
testing  of  89  SNPs  showing  the  strongest  association,  with  5,986 
BRCA1  mutation  carriers,  a  locus  on  1 9p  1 3  was  shown  to  be 
associated  with  breast  cancer  risk  for  BRCA1  mutation  carriers. 
The  same  locus  was  also  associated  with  the  risk  of  estrogen- 
receptor  (ER)  negative  and  triple  negative  (ER,  Progesterone  and 
HER2  negative)  breast  cancer  in  the  general  population  [12,13]. 

The  Collaborative  Oncological  Gene-environment  Study 
(COGS)  consortium  recently  developed  a  211,155  SNP  custom 
genotyping  array  (iCOGS)  in  order  to  provide  cost-effective 
genotyping  of  common  and  rare  genetic  variants  to  identify  novel 
loci  that  explain  the  residual  genetic  variance  of  breast,  ovarian 
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Author  Summary 

BRCAl  mutation  carriers  have  increased  and  variable  risks 
of  breast  and  ovarian  cancer.  To  identify  modifiers  of 
breast  and  ovarian  cancer  risk  in  this  population,  a  multi¬ 
stage  GWAS  of  14,351  BRCAl  mutation  carriers  was 
performed.  Loci  1q32  and  TCF7L2  at  10q25.3  were 
associated  with  breast  cancer  risk,  and  two  loci  at  4q32.2 
and  1 7q21 .3 1  were  associated  with  ovarian  cancer  risk.  The 
4q32.3  ovarian  cancer  locus  was  not  associated  with 
ovarian  cancer  risk  in  the  general  population  or  in  BRCA2 
carriers  and  is  the  first  indication  of  a  BRCA /-specific  risk 
locus  for  either  breast  or  ovarian  cancer.  Furthermore, 
modeling  the  influence  of  these  modifiers  on  cumulative 
risk  of  breast  and  ovarian  cancer  in  BRCAl  mutation 
carriers  for  the  first  time  showed  that  a  wide  range  of 
individual  absolute  risks  of  each  cancer  can  be  estimated. 
These  differences  suggest  that  genetic  risk  modifiers  may 
be  incorporated  into  the  clinical  management  of  BRCAl 
mutation  carriers. 

and  prostate  cancers  and  fine-map  known  susceptibility  loci.  A 
total  of  32,557  SNPs  on  the  iCOGS  array  were  selected  on  the 
basis  of  the  BRCAl  GWAS  for  the  purpose  of  identifying  breast 
and  ovarian  cancer  risk  modifiers  for  BRCAl  mutation  carriers. 
Genotype  data  from  the  iCOGS  array  were  obtained  for  1 1,705 
samples  from  BRCAl  carriers  and  the  1 7  most  promising  SNPs 
were  then  genotyped  in  an  additional  2,646  BRCAl  carriers.  In 
this  manuscript  we  report  on  the  novel  risk  modifier  loci  identified 
by  this  multi-stage  GWAS.  No  study  has  previously  shown  how  the 
absolute  risks  of  breast  and  ovarian  cancer  for  BRCAl  mutation 
carriers  vary  by  the  combined  effects  of  risk  modifying  loci.  Here 
we  use  the  results  from  this  study,  in  combination  with  previously 
identified  modifiers,  to  obtain  absolute  risks  of  developing  breast 
and  ovarian  cancer  for  BRCAl  mutation  carriers  based  on  the  joint 
distribution  of  all  known  genetic  risk  modifiers. 

Materials  and  Methods 

Ethics  statement 

All  carriers  participated  in  clinical  or  research  studies  at  the  host 
institutions,  approved  by  local  ethics  committees. 

Study  subjects 

BRCAl  mutation  carriers  were  recruited  by  45  study  centers  in 
25  countries  through  CIMBA.  The  majority  were  recruited 
through  cancer  genetics  clinics,  and  enrolled  into  national  or 
regional  studies.  The  remainder  were  identified  by  population- 
based  sampling  or  community  recruitment.  Eligibility  for  CIMBA 
association  studies  was  restricted  to  female  carriers  of  pathogenic 
BRCAl  mutations  age  18  years  or  older  at  recruitment. 
Information  collected  included  year  of  birth,  mutation  description, 
self-reported  ethnic  ancestry,  age  at  last  follow-up,  ages  at  breast  or 
ovarian  cancer  diagnoses,  and  age  at  bilateral  prophylactic 
mastectomy  and  oophorectomy.  Information  on  tumour  charac¬ 
teristics,  including  ER-status  of  the  breast  cancers,  was  also 
collected.  Related  individuals  were  identified  through  a  unique 
family  identifier.  Women  were  included  in  the  analysis  if  they 
carried  mutations  that  were  pathogenic  according  to  generally 
recognized  criteria. 

GWAS  stage  1  samples.  A  total  of  2,727  BRCAl  mutation 
carriers  were  genotyped  on  the  Illumina  Infmium  61  OK  array 
(Figure  1).  Of  these  1,426  diagnosed  with  a  first  breast  cancer 
under  age  40  were  considered  “affected”  in  the  breast  cancer 


association  analysis  and  683  diagnosed  with  an  ovarian  cancer  at 
any  time  were  considered  as  “affected”  in  the  ovarian  cancer 
analysis.  “Unaffected”  in  both  analyses  were  over  age  35  (Table 
SI)  [12]. 

Replication  study  samples.  .All  eligible  BRCAl  carriers 
front  CIMBA  with  sufficient  DNA  were  genotyped,  including 
those  used  in  Stage  1.  In  total,  13,310  samples  from  45  centers  in 
25  countries  were  genotyped  using  the  iCOGS  array  (Table  S2). 
Among  the  13,310  samples,  those  that  were  genotyped  in  the 
GWAS  stage  1  SNP  selection  stage  are  referred  to  as  “stage  1” 
samples,  and  the  remainder  are  “stage  2”  samples.  An  additional 
2,646  BRCAl  samples  “stage  3”  were  genotyped  on  an  iPLEX 
Mass  Array  of  17  SNPs  from  12  loci  selected  after  an  interim 
analysis  of  iCOGS  array  data  and  were  available  for  analysis  after 
quality  control  (QC)  (Figure  1).  Carriers  of  pathogenic  mutations 
in  BRCA2  were  drawn  from  a  parallel  GWAS  of  genetic  modifiers 
for  BRCA2  mutation  carriers.  BRCA2  mutation  carriers  were 
recruited  front  CIMBA  through  47  studies  which  were  largely  the 
same  as  the  studies  that  contributed  to  the  BRCAl  GWAS  with 
similar  eligibility  criteria.  Samples  from  BRCA2  mutation  carriers 
were  also  genotyped  using  the  iCOGS  array.  Details  of  this 
experiment  are  described  elsewhere  [14] .  A  total  of  8,2 1 1  samples 
were  available  for  analysis  after  QC. 

iCOGS  SNP  array 

The  iCOGS  array  was  designed  in  a  collaboration  among  the 
Breast  Cancer  Association  Consortium  (BCAC),  Ovarian  Cancer 
Association  Consortium  (OCAC),  the  Prostate  Cancer  Association 
Group  to  Investigate  Cancer  Associated  Alterations  in  the 
Genome  (PRACTICAL)  and  CIMBA.  The  general  aims  for 
designing  the  iCOGS  array  were  to  replicate  findings  from  GWAS 
for  identifying  variants  associated  with  breast,  ovarian  or  prostate 
cancer  (including  subtypes  and  SNPs  potentially  associated  with 
disease  outcome),  to  facilitate  fine-mapping  of  regions  of  interest, 
and  to  genotype  “candidate”  SNPs  of  interest  within  the  consortia, 
including  rarer  variants.  Each  consortium  was  given  a  share  of  the 
array:  nominally  25%  of  the  SNPs  each  for  BCAC,  PRACTICAL 
and  OCAC;  17.5%  for  CIMBA;  and  7.5%  for  SNPs  of  common 
interest  between  the  consortia.  The  final  design  comprised 
220,123  SNPs,  of  which  211,155  were  successfully  manufactured. 
A  total  of  32,557  SNPs  on  the  iCOGS  array  were  selected  based 
on  8  separate  analyses  of  stage  1  of  the  CIMBA  BRCAl  GWAS 
that  included  2,727  BRCAl  mutation  carriers  [12].  After 
imputation  for  all  SNPs  in  HapMap  Phase  II  (CEU)  a  total  of 
2,568,349  (imputation  r2>0.30)  were  available  for  analysis. 
Markers  were  evaluated  for  associations  with:  (1)  breast  cancer; 
(2)  ovarian  cancer;  (3)  breast  cancer  restricted  to  Class  1  mutations 
(loss-of-function  mutations  expected  to  result  in  a  reduced 
transcript  or  protein  level  due  to  nonsense-mediated  RNA  decay); 
(4)  breast  cancer  restricted  to  Class  2  mutations  (mutations  likely  to 
generate  stable  proteins  with  potential  residual  or  dominant 
negative  function);  (5)  breast  cancer  by  tumor  ER-status;  (6)  breast 
cancer  restricted  to  BRCAl  185delAG  mutation  carriers;  (7)  breast 
cancer  restricted  to  BRCAl  5382insC  mutation  carriers;  and  (8) 
breast  cancer  by  contrasting  the  genotype  distributions  in  BRCAl 
mutation  carriers,  against  the  distribution  in  population-based 
controls.  Analyses  (1)  and  (2)  were  based  on  both  imputed  and 
obseived  genotypes,  whereas  the  rest  were  based  on  only  the 
obseived  genotypes.  SNPs  were  ranked  according  to  the  1  d.f. 
score-test  for  trend  P-value  (described  below)  and  selected  for 
inclusion  based  on  nominal  proportions  of  61.5%,  20%,  2.5%, 
2.5%,  2.5%,  0.5%,  0.5%  and  10.0%  for  analyses  (1)  to  (8).  SNP 
duplications  were  not  allowed  and  SNPs  with  a  pairwise  r2&0.90 
with  a  higher-ranking  SNP  were  only  allowed  (up  to  a  maximum 
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SNP  Selection  for  iCOGS 


BRCA1  GWAS 

BRCA1  samples  (N)  =  2,727 
SNPs  (N)  =  2,568,349 


SNPs  associated  with  breast  or  ovarian 
cancer  risk ,  Selected  SNPs  (N)  =  32,557 


_ ± _ 

iCOGS  Stage 

Total  SNPs  (N)  =  201,242 


BRCA1  GWAS  SNPs  (N)  =  31,812 
BRCA1  samples  (N)  =  11,705 

Stage  1  Samples  Stage  2  Samples 

N=2,387  N=9,318 

17  most  significant  SNPs 


iPlex  Stage  -  Stage  3 


BRCA1  samples  (N)  =2,646 
SNPs  (N)  =  17 

V _ _ _ J 


Figure  1 .  Study  design  for  selection  of  the  SNPs  and  genotyping  of  BRCA  7  samples.  GWAS  data  from  2,727  BRCA 1  mutation  carriers  were 
analysed  for  associations  with  breast  and  ovarian  cancer  risk  and  32,557  SNPs  were  selected  for  inclusion  on  the  iCOGS  array.  A  total  of  1 1,705  BRCA1 
samples  (after  quality  control  (QC)  checks)  were  genotyped  on  the  31,812  6RCA7-GWAS  SNPs  from  the  iCOGS  array  that  passed  QC.  Of  these  samples, 
2,387  had  been  genotyped  at  the  SNP  selection  stage  and  are  referred  to  as  "stage  1"  samples,  whereas  9,318  samples  were  unique  to  the  iCOGS 
study  ("Stage  2"  samples).  Next,  1 7  SNPs  that  exhibited  the  most  significant  associations  with  breast  and  ovarian  cancer  were  selected  for  genotyping 
in  a  third  stage  involving  an  additional  2,646  BRCA1  samples  (after  QC). 
doi:1 0.1 371 /journal. pgen.l  00321 2.g001 


of  2)  if  the  P-value  for  association  was  <10-4  for  analyses  (1)  and 
(2)  and  <10  5  for  other  analyses.  SNPs  with  poor  Illumina  design 
scores  were  replaced  by  the  SNP  with  the  highest  r2  (among  SNPs 
with  r2>0.80  based  on  HapMap  data)  that  had  a  good  quality 
design  score.  The  analysis  of  associations  with  breast  and  ovarian 
cancer  risks  presented  here  included  all  32,557  SNPs  on  iCOGS 
that  were  selected  on  the  basis  of  the  BRCA1  GWAS. 


Genotyping  and  quality  control 
iCOGS  genotyping.  Genotyping  was  performed  at  Mayo 
Clinic.  Genotypes  for  samples  genotyped  on  the  iCOGS  array 
were  called  using  Illumina’s  GenCall  algorithm  (Text  SI).  A  total 
of  13,510  samples  were  genotyped  for  21 1,155  SNPs.  The  sample 
and  SNP  QC  process  is  summarised  in  Table  S3.  Of  the  13,510 
samples,  578  did  not  fulfil  eligibility  criteria  based  on  phenotypic 
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data  and  were  excluded.  A  step-wise  QC  process  was  applied  to 
the  remaining  samples  and  SNPs.  Samples  were  excluded  due  to 
inferred  gender  errors,  low  call  rates  (<95%),  low  or  high 
heterozygosity  and  sample  duplications  (cryptic  and  intended).  Of 
the  211,155  markers  genotyped,  9,913  were  excluded  due  to  Y- 
chromosome  origin,  low  call  rates  (<95%),  monomorphic  SNPs, 
or  SNPs  with  Hardy- Weinberg  equilibrium  (HWE)  P<10-7  under 
a  country-stratified  test  statistic  [15]  (Table  S3).  SNPs  that  gave 
discordant  genotypes  among  known  sample  duplicates  were  also 
excluded.  Multi-dimensional  scaling  was  used  to  exclude  individ¬ 
uals  of  non-European  ancestry.  We  selected  37,149  weakly 
correlated  autosomal  SNPs  (pair-wise  r2<0.10)  to  compute  the 
genomic  kinship  between  all  pairs  of  BRCA1  carriers,  along  with 
197  HapMap  samples  (CHB,  JPT,  YRI  and  CEU).  These  were 
converted  to  distances  and  subjected  to  multidimensional  scaling 
(Figure  SI).  Using  the  first  two  components,  we  calculated  the 
proportion  of  European  ancestry  for  each  individual  [12]  and 
excluded  samples  with  >22%  non-European  ancestry  (Figure  SI). 

A  total  of  11,705  samples  and  201,242  SNPs  were  available  for 
analysis,  including  31,812  SNPs  selected  by  the  BRCA1  GW  AS. 
The  genotyping  cluster  plots  for  all  SNPs  that  demonstrated 
genome-wide  significance  level  of  association  or  are  presented 
below,  were  checked  manually  for  quality  (Figure  S2). 

iPLEX  analysis.  The  most  significant  SNPs  from  4  loci 
associated  with  ovarian  cancer  and  8  loci  associated  with  breast 
cancer  were  selected  (17  SNPs  in  total)  for  stage  3  genotyping. 
Genotyping  using  the  iPLEX  Mass  Array  platform  was  performed 
at  Mayo  Clinic.  CIMBA  QC  procedures  were  applied.  Samples 
that  failed  for  £20%  of  the  SNPs  were  excluded  front  the  analysis. 

No  SNPs  failed  HWE  (P<0.01).  The  concordance  among 
duplicates  was  £98%.  Mutation  carriers  of  self-reported  non- 
European  ancestry  were  excluded.  A  total  of  2,646  BRCA1  samples 
were  eligible  for  analysis  after  QC. 

Statistical  methods 

The  main  analyses  were  focused  on  the  evaluation  of 
associations  between  each  genotype  and  breast  cancer  or  ovarian 
cancer  risk  separately.  Analyses  were  carried  out  within  a  survival 
analysis  framework.  In  the  breast  cancer  analysis,  the  phenotype  of 
each  individual  was  defined  by  age  at  breast  cancer  diagnosis  or 
age  at  last  follow-up.  Individuals  were  followed  until  the  age  of  the 
first  breast  cancer  diagnosis,  ovarian  cancer  diagnosis,  or  bilateral 
prophylactic  mastectomy,  whichever  occurred  first;  or  last 
observation  age.  Mutation  carriers  censored  at  ovarian  cancer 
diagnosis  were  considered  unaffected.  For  the  ovarian  cancer 
analysis,  the  primary  endpoint  was  the  age  at  ovarian  cancer 
diagnosis.  Mutation  carriers  were  followed  until  the  age  of  ovarian 
cancer  diagnosis,  or  risk-reducing  salpingo-oophorectomy  (RRSO) 
or  age  at  last  observation.  In  order  to  maximize  the  number  of 
ovarian  cancer  cases,  breast  cancer  was  not  considered  as  a 
censoring  event  in  this  analysis,  and  mutation  carriers  who 
developed  ovarian  cancer  after  a  breast  cancer  diagnosis  were 
considered  as  affected  in  the  ovarian  cancer  analysis. 

Association  analysis.  The  majority  of  mutation  carriers 
were  sampled  through  families  seen  in  genetic  clinics.  The  first 
tested  individual  in  a  family  is  usually  someone  diagnosed  with 
cancer  at  a  relatively  young  age.  Such  study  designs  tend  to  lead  to 
an  over-sampling  of  affected  individuals,  and  standard  analytical 
methods  like  Cox  regression  may  lead  to  biased  estimates  of  the 
risk  ratios  [16,17].  To  adjust  for  this  potential  bias  the  data  were 
analyzed  within  a  survival  analysis  framework,  by  modeling  the 
retrospective  likelihood  of  the  observed  genotypes  conditional  on 
the  disease  phenotypes.  A  detailed  description  of  the  retrospective 
likelihood  approach  has  been  published  [17,18].  The  associations 
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between  genotype  and  breast  cancer  risk  at  both  stages  were 
assessed  using  the  1  d.f.  score  test  statistic  based  on  this 
retrospective  likelihood  [17,18],  To  allow  for  the  non-indepen¬ 
dence  among  related  individuals,  we  accounted  for  the  correlation 
between  the  genotypes  by  estimating  the  kinship  coefficient  for 
each  pair  of  individuals  using  the  available  genomic  data 
[16,19,20]  and  by  robust  variance  estimation  based  on  reported 
family  membership  [21].  We  chose  to  present  P-values  based  on 
the  kinship  adjusted  score  test  as  it  utilises  the  degree  of 
relationship  between  individuals.  A  genome-wide  level  of  signif¬ 
icance  of  5xl0-8  was  used  [22].  These  analyses  were  performed 
in  R  using  the  GenABEL  [23]  libraries  and  custom-written 
functions  in  FORTRAN  and  Python. 

To  estimate  the  magnitude  of  the  associations  (HRs),  the  effect 
of  each  SNP  was  modeled  either  as  a  per-allele  HR  (multiplicative 
model)  or  as  genotype-specific  HRs,  and  were  estimated  on  the 
log-scale  by  maximizing  the  retrospective  likelihood.  The  retro¬ 
spective  likelihood  was  fitted  using  the  pedigree-analysis  software 
MENDEL  [17,24],  As  sample  sizes  varied  substantially  between 
contributing  centers  heterogeneity  was  examined  at  the  country 
level.  All  analyses  were  stratified  by  country  of  residence  and  used 
calendar-year  and  cohort-specific  breast  cancer  incidence  rates  for 
BRCA1  [25].  Countries  with  small  number  of  mutation  carriers 
were  combined  with  neighbouring  countries  to  ensure  sufficiently 
large  numbers  within  each  stratum  (Table  S2).  USA  and  Canada 
were  further  stratified  by  reported  Ashkenazi  Jewish  (AJ)  ancestry 
due  to  large  numbers  of  AJ  carriers.  In  stage  3  analysis  involving 
several  countries  with  small  numbers  of  mutation  carriers,  we 
assumed  only  3  large  strata  (Europe,  Australia,  USA/Canada). 
The  combined  iCOGS  stage  and  stage  3  analysis  was  also 
stratified  by  stage  of  the  experiment.  The  analysis  of  associations 
by  breast  cancer  ER-status  was  carried  out  by  an  extension  of  the 
retrospective  likelihood  approach  to  model  the  simultaneous  effect 
of  each  SNP  on  more  than  one  tumor  subtype  [26]  (Text  SI). 

Competing  risk  analysis.  The  associations  with  breast  and 
ovarian  cancer  risk  simultaneously  were  assessed  within  a  compet¬ 
ing  risk  analysis  framework  [17]  by  estimating  HRs  simultaneously 
for  breast  and  ovarian  cancer  risk.  This  analysis  provides  unbiased 
estimates  of  association  with  both  diseases  and  more  powerful  tests 
of  association  in  cases  where  an  association  exists  between  a  variant 
and  at  least  one  of  the  diseases  [17],  Each  individual  was  assumed  to 
be  at  risk  of  developing  either  breast  or  ovarian  cancer,  and  the 
probabilities  of  developing  each  disease  were  assumed  to  be 
independent  conditional  on  the  underlying  genotype.  A  different 
censoring  process  was  used,  whereby  individuals  were  followed  up 
to  the  age  of  the  first  breast  or  ovarian  cancer  diagnosis  and  were 
considered  to  have  developed  the  corresponding  disease.  No  follow¬ 
up  was  considered  after  the  first  cancer  diagnosis.  Individuals 
censored  for  breast  cancer  at  the  age  of  bilateral  prophylactic 
mastectomy  and  for  ovarian  cancer  at  the  age  of  RRSO  were 
assumed  to  be  unaffected  for  the  corresponding  disease.  The 
remaining  individuals  were  censored  at  the  last  observation  age  and 
were  assumed  to  be  unaffected  for  both  diseases. 

Imputation.  For  the  SNP  selection  process,  the  MACH 
software  was  used  to  impute  non-genotyped  SNPs  based  on  the 
phased  haplotypes  from  HapMap  Phase  II  (CEU,  release  22).  The 
IMPUTE2  software  [27]  was  used  to  impute  non-genotyped  SNPs 
for  samples  genotyped  on  the  iCOGS  array  (stage  1  and  2  only), 
based  on  the  1,000  Genomes  haplotypes  January  2012  version). 
Associations  between  each  marker  and  cancer  risk  were  assessed 
using  a  similar  score  test  to  that  used  for  the  observed  SNPs,  but 
based  on  the  posterior  genotype  probabilities  at  each  imputed 
marker  for  each  individual.  In  all  analyses,  we  considered  only 
SNPs  with  imputation  information/ accuracy  r2>0.30. 
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Absolute  breast  and  ovarian  cancer  risks  by  combined 
SNP  profile.  We  estimated  the  absolute  risk  of  developing 
breast  and  ovarian  cancer  based  on  the  joint  distribution  of  all 
SNPs  that  were  significantly  associated  with  risk  for  BRCA1 
mutation  carriers  based  on  methods  previously  applied  to  BRCA2 
carriers  [28].  We  assumed  that  the  average,  age-specific  breast  and 
ovarian  cancer  incidences  for  BRCA1  mutation  carriers,  over  all 
modifying  loci,  agreed  with  published  penetrance  estimates  for 
BRCA1  [25].  The  model  assumed  independence  among  the 
modifying  loci  and  we  used  only  the  SNP  with  the  strongest 
evidence  of  association  from  each  region.  We  used  only  loci 
identified  through  the  BRCA1  GWAS  that  exhibited  associations 
at  a  genome-wide  significance  level,  and  loci  that  were  identified 
through  population-based  GWAS  of  breast  or  ovarian  cancer  risk, 
but  were  also  associated  with  those  risks  for  BRCA1  mutation 
carriers.  For  each  SNP,  we  used  the  per-allele  FIR  and  minor  allele 
frequencies  estimated  from  the  present  study.  Genotype  frequen¬ 
cies  were  obtained  under  the  assumption  of  HWE. 

Results 

Samples  from  11,705  BRCA1  carriers  from  45  centers  in  25 
countries  yielded  high-quality  data  for  201,242  SNPs  on  the 
iCOGS  array.  The  array  included  31,812  BRCA1  GWAS  SNPs, 
which  were  analyzed  here  for  their  associations  with  breast  and 
ovarian  cancer  risk  for  BRCA1  mutation  carriers  (Table  S2).  Of  the 
11,705  BRCA1  mutation  carriers,  2,387  samples  had  also  been 
genotyped  for  stage  1  of  the  GWAS  and  9,318  were  unique  to  the 
stage  2  iCOGS  study. 

Breast  cancer  associations 

When  restricting  analysis  to  stage  2  samples  (4,681  unaffected, 
4,637  affected),  there  was  little  evidence  of  inflation  in  the 
association  test-statistic  (X  —  1 .038;  Figure  S3).  Combined  analysis 
of  stage  1  and  2  samples  (5,784  unaffected,  5,920  affected)  revealed 
66  SNPs  in  28  regions  with  P<10-4  (Figure  S4).  These  included 
variants  from  three  loci  (1 9p  1 3,  6q25.1,  1 2p  11)  previously 
associated  with  breast  cancer  risk  for  BRCA1  mutation  carriers 
(Table  1).  Further  evaluation  of  18  loci  associated  with  breast 
cancer  susceptibility  in  the  general  population  found  that  only  the 
TOX3,  LSP1,  2q35  and  RAD51L1  loci  were  significantly  associated 
with  breast  cancer  for  BRCA1  carriers  (Table  1,  Table  S4). 

After  excluding  SNPs  from  the  known  loci,  there  were  39  SNPs  in 
25  regions  with  P=  1.2xl0_b-1.0xl0-4.  Twelve  of  these  SNPs 
were  genotyped  by  iPLEX  in  an  additional  2,646  BRCA1  carriers 
(1,252  unaffected,  1,394  affected,  “stage  3”  samples,  Table  S5). 
There  was  additional  evidence  of  association  with  breast  cancer  risk 
for  four  SNPs  at  two  loci  (P<0.01,  Table  2).  When  all  stages  were 
combined,  SNPs  rs2290854  and  rs6682208  (r2  =  0.84)  at  lq32,  near 
MDM4,  had  combined  P-values  of  association  with  breast  cancer 
risk  of  1.4x10  7  and  4 x  10-7, respectively.  SNPs  rs  1 1 1 96 174  and 
rs  1 1 1 96 175  (rz  =  0.96)  at  10q25.3  (in  TCF7L2 )  had  combined  P- 
values  of  7.5x10  7  and  1.2x10  6.  Analysis  within  a  competing 
risks  framework,  where  associations  with  breast  and  ovarian  cancer 
risks  are  evaluated  simultaneously  [17],  revealed  stronger  associa¬ 
tions  with  breast  cancer  risk  for  all  4  SNPs,  but  no  associations  with 
ovarian  cancer  (Table  3).  In  particular,  we  observed  a  genome-wide 
significant  association  between  die  minor  allele  of  rs2290854  from 
lq32  and  breast  cancer  risk  (per-allele  HR:  1.14;  95%CI:  1.09- 
1 .20;  p  =  2.7  x  10  8).  Country-specific  HR  estimates  for  all  SNPs  are 
shown  in  Figure  S5.  Analyses  stratified  by  BRCA1  mutation  class 
revealed  no  significant  evidence  of  a  difference  in  the  associations  of 
any  of  the  SNPs  by  the  predicted  functional  consequences  of  BRCA1 
mutations  (Table  S6).  SNPs  in  the  A1DM4  and  TCF7L2  loci  were 
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associated  with  breast  cancer  risk  for  both  class  1  and  class2 
mutation  carriers. 

Both  the  lq32  and  10q25.3  loci  were  primarily  associated  with 
ER-negative  breast  cancer  for  BRCA1  (rs2290854:  ER-negative 
HR=  1.16,  95%CI:  1.10-1.22,  P=1.2xl0“7;  rsl  1 196174: 

HR=  1.14,  95% Cl:  1.07-1.20,  P  =  9.6xl0“6),  although  the  differ¬ 
ences  between  the  ER-negative  and  ER-positive  HRs  were  not 
significant  (Table  S7).  Given  that  ER-negative  breast  cancers  in 
BRCA1  and  BRCA2  mutation  carriers  are  phenotypically  similar 
[29],  we  also  evaluated  associations  between  these  SNPs  and  ER- 
negative  breast  cancer  in  8,2 1 1  BRCA2  mutation  carriers.  While  the 
1 0q25.3  SNPs  were  not  associated  with  overall  or  ER-negative  breast 
cancer  risk  for  BRCA2  carriers,  the  lq32  SNPs  were  associated  with 
ER-negative  (rs2290854  HR=  1.16,  95%CI:  1 .0 1-1 .34,  P  =  0.033; 
rs6682208  HR=  1.19,  95%CI:1.04-1.35,  P  =  0.016),  but  not  ER- 
positive  breast  cancer  (rs2290854  P-diff  =  0.006;  rs6682208  P- 
diff  =  0.001).  Combining  the  BRCA1  and  BRCA2  samples  provided 
strong  evidence  of  association  with  ER-negative  breast  cancer 
(rs2290854:  P=  1.25xl0“8;  rs6682208:  P  =  2.5xl0“7). 

The  iCOGS  array  included  additional  SNPs  from  the  lq32 
region  that  were  not  chosen  based  on  the  BRCA1  GWAS.  Of  these 
non-BRCAl  GWAS  SNPs,  only  SNP  rs4951407  was  more 
significantly  associated  with  risk  than  the  BRCA1  -GW AS  selected 
SNPs  (P=3.3xl0“6,  HR=  1.12,  95%CI:  1.07-1.18,  using  stage  1 
and  stage  2  samples).  The  evidence  of  association  with  breast  cancer 
risk  was  again  stronger  under  the  competing  risks  analysis 
(HR=  1.14,  95%CI:  1.08-1.20,  P  =  6.1  xl0“7).  Backward  multiple 
regression  analysis,  considering  only  the  genotyped  SNPs  (P<0.01), 
revealed  that  the  most  parsimonious  model  included  only 
rs4951407.  SNPs  from  the  1000  Genomes  Project,  were  imputed 
for  the  stage  1  and  stage  2  samples  (Figure  S6).  Only  imputed  SNP 
rsl2404974,  located  between  PIK3C2B  and  MDM4  (r2  =  0.77  with 
rs495 1 407),  was  more  significantly  associated  with  breast  cancer 
(P=2.7xl0-6)  than  any  of  the  genotyped  SNPs.  None  of  the 
genotyped  or  imputed  SNPs  from  10q25.3  provided  P-values 
smaller  than  those  for  rsl  1 196174  and  rsl  1 196175  (Figure  S7). 

Ovarian  cancer  associations 

Analyses  of  associations  with  ovarian  cancer  risk  using  the  stage  2 
samples  (8,054  unaffected,  1,264  affected)  revealed  no  evidence  of 
inflation  in  the  association  test-statistic  (X  =  1 .039,  Figure  S3).  In  the 
combined  analysis  of  stage  1  and  2  samples  (9866  unaffected,  1839 
affected),  62  SNPs  in  1 7  regions  were  associated  with  ovarian  cancer 
risk  for  BRCA1  carriers  at  P<10-4  (Figure  S3).  These  included 
SNPs  in  the  9p22  and  3q25  loci  previously  associated  with  ovarian 
cancer  risk  in  both  the  general  population  and  BRCA1  carriers  [6,7] 
(Table  1).  Associations  (P<0.01)  with  ovarian  cancer  risk  were  also 
observed  for  SNPs  in  three  other  known  ovarian  cancer  suscepti¬ 
bility  loci  (8q24,  1 7 q2 1 ,  1 9p  1 3),  but  not  2q31  (Table  1).  For  all  loci 
except  9p22,  SNPs  were  identified  that  displayed  smaller  P-values  of 
association  than  previously  published  results  [5-7] . 

After  excluding  SNPs  from  known  ovarian  cancer  susceptibility 
regions,  there  were  48  SNPs  in  1 5  regions  with  P  =  5  x  1 0  7  to 
10-4.  Five  SNPs  from  four  of  these  loci  were  genotyped  in  the 
stage  3  samples  (2,204  unaffected,  442  with  ovarian  cancer).  Three 
SNPs  showed  additional  evidence  of  association  with  ovarian 
cancer  risk  (P<0.02,  Table  2;  Table  S5).  In  the  combined  stage  1— 
3  analyses,  SNPs  rsl 763 1 303  and  rs  1832 1 1  (ra  =  0.68)  on 
chromosome  1 7q2 1.31  had  P-values  for  association  of  1x10  8 
and  3xl0-8  respectively,  and  rs4691139  at  4q32.3  had  a  P-value 
of  3.4x1 0“8  (Table  2). 

The  minor  alleles  ofrsl7631303  (HR=  1.27,  95%CI:  1.17— 1.38) 
and  rs  1 8 3 2 1 1  (HR=  1.25,  95%CI:  1.16—1.35)  at  1 7q2 1.31  were 
associated  with  increased  ovarian  cancer  risk  (Table  2).  Analysis  of 
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Table  2.  Associations  with  breast  and  ovarian  cancer  risk  for  SNPs  found  to  be  associated  with  risk  at  all  3  stages  of  the 
experiment. 


SNP,  Chr,  Position,  Allelel/ 
Allele2 

Stage 

Number 

Allele  2  Frequency 

HR*  (95%  Cl) 

Unaffected  Affected 

Unaffected  Affected 

Per  Allele 

Heterozygote 

Homozygote 

P-trend 

Breast  Cancer 

rs2290854,  1q32,  202782648,  G/A 

Stage  1 

1104 

1283 

0.30 

0.34 

1.19  (1.08-1.30) 

1.28  (1.12-1.47) 

1.31  (1.06-1.61) 

4.2x10~4 

Stage  2 

4681 

4637 

0.31 

0.33 

1.09  (1.03-1.16) 

1.10  (1.02-1.19) 

1.18  (1.03-1.35) 

0.003 

Stages  1+2 

5785 

5920 

0.31 

0.33 

1.12  (1.06-1.17) 

1.15  (1.07-1.23) 

1.21  (1.08-1.36) 

1.7  x10~5 

Stage  3 

1252 

1393 

0.30 

0.33 

1.19  (1.07-1.32) 

1.24  (1.07-1.43) 

1.36  (1.06-1.74) 

0.0013 

Combined 

7037 

7313 

0.31 

0.33 

1.13  (1.08-1.18) 

1.16  (1.09-1.24) 

1.24  (1.11-1.37) 

1.4x10  7 

rs6682208,  1q32,  202832806,  G/A 

Stage  1 

1104 

1283 

0.32 

0.35 

1.14  (1.04-1.25) 

1.24  (1.09-1.42) 

1.20  (0.98-1.47) 

0.0070 

Stage  2 

4681 

4637 

0.32 

0.34 

1.10  (1.04-1.17) 

1.09  (1.01-1.19) 

1.21  (1.06-1.38) 

0.0014 

Stages  1+2 

5785 

5920 

0.32 

0.34 

1.11  (1.05-1.17) 

1.13  (1.05-1.21) 

1.21  (1.08-1.35) 

5.4x10  5 

Stage  3 

1250 

1394 

0.30 

0.34 

1.19  (1.07-1.32) 

1.31  (1.14-1.51) 

1.28  (1.01-1.63) 

8.6x10~4 

Combined 

7035 

7314 

0.32 

0.34 

1.12  (1.07-1.17) 

1.16  (1.09-1.23) 

1.22  (1.11-1.35) 

4.3x10  7 

rsl  1196174,  10q25.3,  114724086, 
A/G 

Stage  1 

1103 

1282 

0.27 

0.32 

1.15  (1.05-1.27) 

1.17  (1.03-1.34) 

1.31  (1.05-1.63) 

0.0038 

Stage  2 

4681 

4636 

0.29 

0.31 

1.10  (1.04-1.17) 

1.13  (1.04-1.23) 

1.17  (1.01-1.35) 

0.0017 

Stages  1+2 

5784 

5918 

0.28 

0.31 

1.12  (1.06-1.18) 

1.14  (1.06-1.23) 

1.21  (1.07-1.37) 

3.1  x10~5 

Stage  3 

1251 

1393 

0.28 

0.31 

1.16  (1.05-1.29) 

1.08  (0.93-1.25) 

1.46  (1.15-1.85) 

0.0057 

Combined 

7035 

7311 

0.28 

0.31 

1.13  (1.07-1.18) 

1.13  (1.06-1.21) 

1.26  (1.13-1.40) 

7.5x10  7 

rsl  11 961 75,  10q25.3,  114726604, 
A/G 

Stage  1 

1101 

1280 

0.27 

0.31 

1.15  (1.05-1.27) 

1.18  (1.03-1.35) 

1.29  (1.03-1.62) 

0.0043 

Stage  2 

4674 

4627 

0.28 

0.30 

1.10  (1.03-1.17) 

1.13  (1.04-1.22) 

1.17  (1.01-1.35) 

0.0020 

Stages  1+2 

5775 

5907 

0.28 

0.30 

1.12  (1.06-1.18) 

1.14  (1.06-1.22) 

1.21  (1.07-1.37) 

3.9  x  10  s 

Stage  3 

1251 

1394 

0.27 

0.31 

1.16  (1.04-1.29) 

1.06  (0.91-1.22) 

1.48  (1.17-1.87) 

0.0075 

Combined 

7026 

7301 

0.28 

0.31 

1.12  (1.07-1.18) 

1.12  (1.05-1.20) 

1.26  (1.13-1.41) 

1.2x10~6 

Ovarian  Cancer 

rsl  7631 303,  17q21,  40872185,  A/G 

Stage  1 

1797 

574 

0.19 

0.25 

1.46  (1.22-1.74) 

1.36  (1.01-1.68) 

2.46  (1.53-3.96) 

1.3x10~5 

Stage  2 

7996 

1257 

0.19 

0.21 

1.20  (1.07-1.35) 

1.10  (0.96-1.26) 

1.83  (1.34-2.48) 

1.5x10~3 

Stages  1+2 

9793 

1831 

0.19 

0.22 

1.27  (1.16-1.40) 

1.15  (1.03-1.29) 

2.03  (1.16-2.61) 

3.0x10  7 

Stage  3 

2204 

442 

0.17 

0.21 

1.27  (1.07-1.51) 

1.24  (0.99-1.56) 

1.67  (1.07-2.62) 

0.014 

Combined 

11997 

2273 

0.19 

0.22 

1.27  (1.17-1.38) 

1.17  (1.06-1.29) 

1.95  (1.57-2.42) 

1.4x10~8 

rsl  83211,  17q21,  42143493,  G/A 

Stage  1 

1812 

575 

0.22 

0.28 

1.45  (1.23-1.71) 

1.37  (1.11-1.69) 

2.29  (1.53-3.41) 

2.5x10~s 

Stage  2 

8054 

1264 

0.23 

0.25 

1.20  (1.07-1.33) 

1.13  (0.99-1.28) 

1.62  (1.22-2.14) 

1.1  x10~3 

Stages  1+2 

9866 

1839 

0.23 

0.26 

1.25  (1.15-1.37) 

1.16  (1.04-1.29) 

1.83  (1.46-2.28) 

5.7 xIO  7 

Stage  3 

2204 

442 

0.22 

0.26 

1.25  (1.06-1.48) 

1.15  (0.92-1.44) 

1.79  (1.21-2.67) 

0.018 

Combined 

12070 

2281 

0.23 

0.26 

1.25  (1.16-1.35) 

1.16  (1.05-1.27) 

1.82  (1.5-2.21) 

3.1  x10~8 

rs4691 1 39,  4q32.3,  1 661 281 71 ,  A/G 

Stage  1 

1812 

575 

0.47 

0.53 

1.24  (1.08-1.42) 

1.46  (1.13-1.88) 

1.55  (1.16-2.05) 

3.6x10~3 

Stage  2 

8054 

1264 

0.48 

0.52 

1.18  (1.08-1.29) 

1.29  (1.10-1.50) 

1.40  (1.17-1.67) 

1.3xl0~4 

Stages  1+2 

9866 

1839 

0.48 

0.52 

1.20  (1.11-1.29) 

1.33  (1.17-1.52) 

1.44  (1.24-1.67) 

1.1  x10~6 

Stage  3 

2204 

441 

0.47 

0.52 

1.20  (1.04-1.39) 

1.19  (0.91-1.54) 

1.44  (1.08-1.94) 

9x1 0-3 

Combined 

12070 

2280 

0.48 

0.52 

1.20  (1.17-1.38) 

1.30  (1.16-1.46) 

1.44  (1.26-1.65) 

3.4x10~8 

*HRs  estimated  under  the  single  disease  risk  models. 
doi:1 0.1 371/journal. pgen.1 00321 2.t002 


the  associations  within  a  competing  risks  framework,  revealed  no 
association  with  breast  cancer  risk  (Table  3).  The  ovarian  cancer 
effect  size  was  maintained  in  the  competing  risk  analysis  but  the 
significance  of  the  association  was  slightly  weaker  (P  =  2  x  1 0  6- 


lxlO-5).  This  is  expected  because  663  ovarian  cancer  cases 
occurring  after  a  primary  breast  cancer  diagnosis  were  excluded 
for  this  analysis.  The  evidence  of  association  was  somewhat 
stronger  under  the  genotype-specific  model  (2-df  P=  1.6x10  9 
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and  P  =  2.6  x  1 0  9  for  rs  1 763 1 303  and  rs  1 832 1 1  respectively  in  all 
samples  combined)  with  larger  HR  estimates  for  the  rare 
homozygote  genotypes  than  those  expected  under  a  multiplicative 
model  (Table  2). 

Previous  studies  of  the  known  common  ovarian  cancer 
susceptibility  alleles  found  significant  associations  with  ovarian 
cancer  for  both  BRCA1  and  BRCA2  carriers  [6,7].  Thus,  we 
evaluated  the  associations  between  the  1 7q2 1.31  SNPs  and 
ovarian  cancer  risk  for  BRCA2  carriers  using  iCOGS  genotype 
data  (7580  unaffected  and  631  affected).  Both  rs  1 763 1 303  and 
rs  1832 11  were  associated  with  ovarian  cancer  risk  for  BRCA2 
carriers  (P=  1.98xl0-4  and  9.26  xlO-4),  with  similar  magnitude 
and  direction  of  association  as  for  BRCA1  carriers.  Combined 
analysis  of  BRCA1  and  BRCA2  mutation  carriers  provided  strong 
evidence  of  association  (P  =  2.80  x  10  10  and  2. 01x10  9,  Table  4). 

The  combined  analysis  of  stage  1  and  2  samples,  and  BRCA2 
carriers,  identified  seven  SNPs  on  the  iCOGS  array  (pairwise  r2 
range:  0.68-1.00)  from  a  1.3  Mb  (40.8M2.1  Mb,  build  36.3)  region 
of  1 7q2 1.31  that  were  strongly  associated  (P<  1.27x10  ®)  with 
ovarian  cancer  risk  (Table  4,  Figure  2).  Stepwise-regression  analysis 
based  on  observed  genotype  data  retained  only  one  of  the  seven 
SNPs  in  the  model,  but  it  was  not  possible  to  distinguish  between  the 
SNPs.  Imputation  through  the  1000  Genomes  Project,  revealed 
several  SNPs  in  1 7q2 1 .3 1  with  stronger  associations  (Figure  2,  Table 
S8)  than  the  most  significant  genotyped  SNP  in  the  combined 
BRCA1/2  analysis  (rsl69201,  P  =  6.24x  10_1  *).  The  most  signifi¬ 
cant  SNP  (rs  1403 38099  (17-44034340),  P  =  3xl0“12),  located  in 
MART,  was  highly  correlated  (r2  =  0.78)  with  rs  169201  in  jVSF 
(Figure  2).  This  locus  appears  to  be  distinct  from  a  previously 
identified  ovarian  cancer  susceptibility  locus  located  >  1  Mb  distal 
on  1 7q2 1  (spanning  43.3M4.3  Mb,  build  36.3)  [30].  None  of  the 
SNPs  in  the  novel  region  were  strongly  correlated  with  any  of  the 
SNPs  in  the  43.3M4.3  Mb  region  (maximum  r2  =  0.07,  Figure  S8). 
The  most  significantly  associated  SNP  from  the  BRCA1  GWAS 
from  the  43.3M4.3  Mb  locus  was  rs  1 1 65 1753  (p  =  4.6xl0  *) 
(Table  1)  (r2<0.023  with  the  seven  most  significant  SNPs  in  the 
novel  1 7q2 1.31  region).  An  analysis  of  the  joint  associations  of 
rsl  1651753  and  rs  1 7631 303  from  the  two  1 7q2 1  loci  with  ovarian 
cancer  risk  for  BRCA1  carriers  (Stage  1  and  2  samples)  revealed  that 
both  SNPs  remained  significant  in  the  model  (P-for  inclu¬ 
sion— 0.001  for  rs  1 1 65 1 753,  1.2x10  6  for  rsl 763 1 303),  further 
suggesting  that  the  two  regions  are  independently  associated  with 
ovarian  cancer  for  BRCA1  carriers. 

The  minor  allele  of  rs4691139  at  the  novel  4q32.3  region  was 
also  associated  with  an  increased  ovarian  cancer  risk  for  BRCA1 
carriers  (per-allele  HR=  1.20,  95%CI:  1.1 7 — 1 .38,  Table  2),  but 
was  not  associated  with  breast  cancer  risk  (Table  3).  No  other 
SNPs  from  the  4q32.3  region  on  the  iCOGS  array  were  more 
significantly  associated  with  ovarian  cancer  for  BRCA1  carriers. 
Analysis  of  associations  with  variants  identified  through  1000 
Genomes  Project-based  imputation  of  the  Stage  1  and  2  samples, 
revealed  19  SNPs  with  stronger  evidence  of  association 
(P  =  5. 4x10  7  to  1.1x10  6)  than  rs469 1139  (Figure  S9).  All  were 
highly  correlated  (pairwise  r2>0.89)  and  the  most  significant 
(rs4588418)  had  r2  =  0.97  with  rs4691 139.  There  was  no  evidence 
for  association  between  rs4691139  and  ovarian  cancer  risk  for 
BRCA2  carriers  (HR=  1.08,  95%CI:  0.96-1.21,  P  =  0.22). 

Absolute  risks  of  developing  breast  and  ovarian  cancer 

The  current  analyses  suggest  that  1 0  loci  are  now  known  to  be 
associated  with  breast  cancer  risk  for  BRCA1  mutation  carriers: 
lq32,  10q25.3,  19pl3,  6q25.1,  12pll,  TOX3,  2q35,  LSP1  and 
RAD51L1  all  reported  here  and  TEST  [31].  Similarly,  seven  loci 
are  associated  with  ovarian  cancer  risk  for  BRCA1  mutation 
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carriers:  9p22,  8q24,  3q25,  1 7 q2 1 ,  19pl3,  1 7q2 1.31  and  4q32.3. 
Figure  S10  shows  the  range  of  combined  HRs  at  different 
percentiles  of  the  combined  genotype  distribution,  based  on  the 
single  SNP  HR  and  minor  allele  estimates  from  Table  1,  Table  2, 
and  Table  S4  and  for  TERT  from  Bojesen  et  al  [31]  and  assuming 
that  all  SNPs  interact  multiplicatively.  Relative  to  BRCA1 
mutation  carriers  at  lowest  risk,  the  median,  5th  and  95th 
percentile  breast  cancer  HRs  were  3.40,  2.27,  and  5.35 
respectively.  These  translate  to  absolute  risks  of  developing  breast 
cancer  by  age  80  of  65%,  51%  and  81%  for  those  at  median,  5th 
and  95th  percentiles  of  the  combined  genotype  distribution 
(Figure  3,  Figure  S10).  Similarly,  the  median,  5th  and  95th 
percentile  combined  HRs  for  ovarian  cancer  were  6.53,  3.75  and 
11.12  respectively,  relative  to  those  at  lowest  ovarian  cancer  risk 
(Figure  S10).  These  HRs  translate  to  absolute  risks  of  developing 
ovarian  cancer  of  44%,  28%  and  63%  by  age  80  for  the  median, 
5th  and  95th  percentile  of  the  combined  genotype  distribution 
(Figure  3). 

Discussion 

In  this  study  we  analyzed  data  from  11,705  BRCA1  mutation 
carriers  from  CIMBA  who  were  genotyped  using  the  iCOGS 
high-density  custom  array,  which  included  31,812  SNPs  selected 
on  the  basis  of  a  BRCA1  GW  AS.  This  study  forms  the  large-scale 
replication  stage  of  the  first  GWAS  of  breast  and  ovarian  cancer 
risk  modifiers  for  BRCA1  mutation  carriers.  We  have  identified  a 
novel  locus  at  lq32,  containing  the  MDM4  oncogene,  that  is 
associated  with  breast  cancer  risk  for  BRCA1  mutation  carriers 
(P<5xl0-8).  A  separate  locus  at  10q23.5,  containing  the  TCF7L2 
gene,  provided  strong  evidence  of  association  with  breast  cancer 
risk  for  BRCA1  carriers  but  did  not  reach  a  GWAS  level  of 
significance.  We  have  also  identified  two  novel  loci  associated  with 
ovarian  cancer  for  BRCA1  mutation  carriers  at  1 7q2 1.31  and 
4q32.2  (P<5xl0  ).  We  further  confirmed  associations  with  loci 
previously  shown  to  be  associated  with  breast  or  ovarian  cancer 
risk  for  BRCA1  mutation  carriers.  In  most  cases  stronger 
associations  were  detected  with  either  the  same  SNP  reported 
previously  (due  to  increased  sample  size)  or  other  SNPs  in  the 
regions.  Future  fine  mapping  studies  of  these  loci  will  aim  to 
identify  potentially  causal  variants  for  the  observed  associations. 

Although  the  10q25.3  locus  did  not  reach  the  strict  GWAS  level 
of  significance  for  association  with  breast  cancer  risk,  the 
association  was  observed  at  all  three  independent  stages  of  the 
experiment.  Additional  evidence  for  the  involvement  of  this  locus 
in  breast  cancer  susceptibility  comes  from  parallel  studies  of  the 
Breast  Cancer  Association  Consortium  (BCAC).  SNPs  at  10q25.3 
had  also  been  independently  selected  for  inclusion  on  the  iCOGS 
array  through  population  based  GWAS  of  breast  cancer.  Analyses 
of  those  SNPs  in  BCAC  iCOGS  studies  also  found  that  SNPs  at 
10q25.3  were  associated  with  breast  cancer  risk  in  the  general 
population  [32].  Thus,  10q25.3  is  likely  a  breast  cancer  risk- 
modifying  locus  for  BRCA1  mutation  carriers.  The  most  significant 
SNPs  at  10q25.3  were  located  in  TCF7L2,  a  transcription  factor 
that  plays  a  key  role  in  the  Wnt  signaling  pathway  and  in  glucose 
homeostasis,  and  is  expressed  in  normal  and  malignant  breast 
tissue  (The  Cancer  Genome  Atlas  (TCGA)).  Variation  in  the 
TCF7L2  locus  has  previously  been  associated  with  Type  2  diabetes 
in  a  number  of  GWAS.  The  most  significantly  associated  SNPs 
with  Type  2  diabetes  (rs7903146  and  rs4506565)  [22,33]  were  also 
associated  with  breast  cancer  risk  for  BRCA1  mutation  carriers  in 
stage  1  and  2  analyses  (p  =  3.7xl0-4  and  p  =  2.5xl0-4  respec¬ 
tively);  these  SNPs  were  correlated  with  the  most  significant  hit 
(rsl  1196174)  for  BRCA1  breast  cancer  (r~  =  0.40  and  0.37  based 
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Figure  2.  Mapping  of  the  1 7q21  locus.  Top  3  panels:  P-values  of  association  ( — log10  scale)  with  ovarian  cancer  risk  for  genotyped  and  imputed 
SNPs  (1000  Genomes  Project  CEU),  by  chromosome  position  (b.37)  at  the  17q21  region,  for  BRCA1,  BRCA2  mutation  carriers  and  combined.  Results 
based  on  the  kinship-adjusted  score  test  statistic  (1  d.f.).  Fourth  panel:  Genes  in  the  region  spanning  (43.4-44.9  Mb,  b.37)  and  the  location  of  the  most 
significant  genotyped  SNPs  (in  red  font)  and  imputed  SNPs  (in  black  font).  Bottom  panel:  Pairwise  r2  values  for  genotyped  SNPs  on  iCOG  array  in  the 
17q21  region  covering  positions  (43.4-44.9  Mb,  b.37). 
doi:1 0.1 371 /journal. pgen.l  00321 2.g002 
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Figure  3.  Predicted  breast  and  ovarian  cancer  absolute  risks  for  BRCA  1  mutation  carriers  at  the  5th,  10th,  90th,  and  95th  percentiles 
of  the  combined  SNP  profile  distributions.  The  minimum,  maximum  and  average  risks  are  also  shown.  Predicted  cancer  risks  are  based  on  the 
associations  of  known  breast  or  ovarian  cancer  susceptibility  loci  (identified  through  GWAS)  with  cancer  risk  for  BRCA1  mutation  carriers  and  loci 
identified  through  the  present  study.  Breast  cancer  risks  based  on  the  associations  with:  1q32,  10q25.3,  1 9p1 3,  6q25.1,  12p11,  TOX3,  2q35,  LSP1, 
RAD51L1  (based  on  HR  and  minor  allele  frequency  estimates  from  Table  1,  Table  2,  and  Table  S4)  and  TERT  [31].  Ovarian  cancer  risks  based  on  the 
associations  with:  9p22,  8q24,  3q25,  1 7q21,  19p13  (Table  1)  and  17q21.31,  4q32.3  (Table  2).  Only  the  top  SNP  from  each  region  was  chosen.  Average 
breast  and  ovarian  cancer  risks  were  obtained  from  published  data  [25].  The  methods  for  calculating  the  predicted  risks  have  been  described 
previously  [28], 

doi:1 0.1 371  /journal.pgen.  1 00321 2.g003 


on  stage  1  and  2  samples).  This  raises  the  possibility  that  variants 
in  this  locus  influence  breast  cancer  indirectly  through  effects  on 
cellular  metabolism. 

We  found  that  SNPs  at  lq32  were  primarily  associated  with 
ER-negative  breast  cancer  risk  for  BRCA1  mutation  carriers. 
There  was  also  evidence  of  association  with  ER-negative  breast 
cancer  for  BRCA2  mutation  carriers.  SNPs  at  the  lq32  region  were 
independently  selected  for  inclusion  on  iCOGS  through  GWAS  of 
breast  cancer  in  the  general  population  by  BCAC.  In  parallel 
analyses  of  iCOGS  data  by  BCAC,  lq32  was  found  to  be 
associated  with  ER-negative  breast  cancer  [34]  but  not  overall 
breast  cancer  risk  [32].  Taken  together,  these  results  are  in 
agreement  with  our  findings  and  in  line  with  the  observation  that 
the  majority  of  BRCA1  breast  cancers  are  ER-negative.  However, 
they  are  not  in  agreement  with  a  previous  smaller  candidate-gene 
study  that  found  an  association  between  a  correlated  SNP  in 
MDM4  (r2>0.85)  and  overall  breast  cancer  risk  [35].  The  lq32 
locus  includes  the  MDM4  oncogene  which  plays  a  role  in 
regulation  of  p53  and  MDM2  and  the  apoptotic  response  to  cell 
stress.  MDA14  is  expressed  in  breast  tissue  and  is  amplified  and 
overexpressed  along  with  LRRJV2  and  PIK3C2B  in  breast  and  other 
tumor  types  (TCGA)  [36-38].  Although  fine  mapping  will  be 


necessary  to  identify  the  functionally  relevant  SNPs  in  this  locus, 
we  found  evidence  of  cis-regulatory  variation  impacting  MDM4 
expression  [39 — 41]  (Text  SI,  Table  S9,  Figure  Sll),  suggesting 
that  common  variation  in  the  1  q32  locus  may  influence  the  risk  of 
breast  cancer  through  direct  effects  on  MDM4  expression. 

Several  correlated  SNPs  at  1 7q2 1.31  from  the  iCOGS  array 
provided  strong  evidence  of  association  with  ovarian  cancer  risk  in 
both  BRCA1  and  BRCA2  mutation  carriers.  A  subsequent  analysis 
of  these  SNPs,  which  were  selected  through  the  BRCA1  GWAS,  in 
case-control  samples  from  the  Ovarian  Cancer  Association 
Consortium  (OCAC),  revealed  that  the  1 7q2 1.31  locus  is 
associated  with  ovarian  cancer  risk  in  the  general  population 
[Wey  et  al,  personal  communication].  Thus,  1 7 q2 1.31  is  likely  a 
novel  susceptibility  locus  for  ovarian  cancer  in  BRCA1  mutation 
carriers.  The  most  significant  associations  at  1 7q2 1.31  were 
clustered  in  a  large  region  of  strong  linkage  disequilibrium  which 
has  previously  been  identified  as  a  “1 7q2 1 .3 1  inversion”  (~900  kb 
long)  consisting  of  two  haplotypes  (termed  HI  and  H2)  [42].  The 
minor  allele  of  rs2532348  (MAF  =  0.21),  which  tags  H2,  was 
associated  with  increased  ovarian  cancer  risk  for  BRCA1  mutation 
carriers  (Table  4).  The  1.3  Mb  1 7q2 1.31  locus  contains  13  genes 
and  several  predicted  pseudogenes  (Figure  2),  several  of  which  are 
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expressed  in  normal  ovarian  surface  epithelium  and  ovarian 
adenocarcinoma  [43].  Variation  in  this  region  has  been  associated 
with  Parkinson’s  disease  (AIAPT,  PLEKHM1,  JVSF,  cl7orf69) 
progressive  supranuclear  palsy  (MAPT),  celiac  disease  (WJJT3), 
bone  mineral  density  ( CRHR1 )  (NHGRI  GW  AS  catalog)  and 
intracranial  volume  [44],  Of  the  top  hits  for  these  phenotypes, 
SNP  rs  199533  in  JVSF,  previously  associated  with  Parkinson’s 
disease  [45]  and  rs99 15547  associated  with  intracranial  volume 
[44]  were  strongly  associated  with  ovarian  cancer  (P<10-9  in 
BRCA1/2  combined).  Whether  these  phenotypes  have  shared 
causal  variants  in  this  locus  remains  to  be  elucidated.  Further 
exploration  of  the  functional  relevance  of  the  strongest  hits  in  the 
1 7q2 1.31  locus  (P<10  R  in  BRCA1/2  combined)  provided 
evidence  that  cis-regulatory  variation  alters  expression  of  several 
genes  at  17q21,  including  PLEKHM1,  cl7orf69,  ARHGAP27 , 
MAPT,  KAJVSL1  and  WJNT3  [39,41]  (Table  S9,  Figure  SI 2), 
suggesting  that  ovarian  cancer  risk  may  be  associated  with  altered 
expression  of  one  or  more  genes  in  this  region. 

Our  analyses  revealed  that  a  second  novel  locus  at  4q32.3  was 
also  associated  with  ovarian  cancer  risk  for  BRCA1  mutation 
carries  (P<5xl0  R).  However,  we  found  no  evidence  of  associ¬ 
ation  for  these  SNPs  with  ovarian  cancer  risk  for  BRCA2  mutation 
carriers  using  8,2 1 1  CIMBA  samples  genotyped  using  the  iCOGS 
array.  Likewise,  no  evidence  of  association  was  found  between 
rs4691139  at  4q32.3  and  ovarian  cancer  risk  in  the  general 
population  based  on  data  by  OCAC  data  derived  front  18,174 
cases  and  26,134  controls  (odds  ratio  =  1.00,  95%CI:0.97-1.04, 

P  =  0.76)  [46].  The  confidence  intervals  rule  out  a  comparable 
effect  to  that  found  in  BRCA1  carriers.  Therefore,  our  findings 
may  represent  a  RffCdi-specific  association  with  ovarian  cancer 
risk,  the  first  of  its  kind.  The  4q32.2  region  contains  several 
members  of  the  TRIM  (Tripartite  motif  containing)  gene  family, 
c4orJ39  and  TMEM192.  TRIM60,  c4orj39  and  TMEM192  are 
expressed  in  normal  ovarian  epithelium  and/or  ovarian  tumors 
(TCGA). 

In  summary,  we  have  identified  a  novel  locus  at  lq32  associated 
with  breast  cancer  risk  for  BRCA1  mutation  carriers,  which  was 
also  associated  with  ER-negative  breast  cancer  for  BRCA2  carriers 
and  in  the  general  population.  A  separate  locus  at  10q23.5 
provided  strong  evidence  of  association  with  breast  cancer  risk  for 
BRCA1  carriers.  We  have  also  identified  2  novel  loci  associated 
with  ovarian  cancer  for  BRCA1  mutation  carriers.  Of  these,  the 
4q32.2  locus  was  associated  with  ovarian  cancer  risk  for  BRCA1 
carriers  but  not  for  BRCA2  carriers  or  in  the  general  population. 
Additional  functional  characterisation  of  the  loci  will  further 
improve  our  understanding  of  the  biology  of  breast  and  ovarian 
cancer  development  in  BRCA1  carriers.  Taken  together  with  other 
identified  genetic  modifiers,  10  loci  are  now  known  to  be 
associated  with  breast  cancer  risk  for  BRCA1  mutation  carriers 
(lq32,  10q25.3,  19pl3,  6q25.1,  1 2p  1 1 ,  TOX3,  2q35,  LSP1, 
RAD51L1  and  TERT  and  seven  loci  are  known  to  be  associated 
with  ovarian  cancer  risk  for  BRCA1  mutation  carriers  (9p22,  8q24, 
3q25,  17q21,  19pl3  and  17q21.31,  4q32.3). 

As  BRCA1  mutations  confer  high  breast  and  ovarian  cancer 
risks,  the  results  from  the  present  study,  taken  togedier  with  other 
identified  genetic  modifiers,  demonstrate  for  the  first  time  that  they 
can  result  in  large  differences  in  the  absolute  risk  of  developing 
breast  or  ovarian  cancer  for  BRCA1  between  genotypes.  For 
example,  the  breast  cancer  lifetime  risks  for  the  5%  of  BRCA1 
carriers  at  lowest  risk  are  predicted  to  be  28-50%  compared  to 
81-100%  for  the  5%  at  highest  risk  (Figure  3).  Based  on  the 
distribution  of  ovarian  cancer  risk  modifiers,  the  5%  of  BRCA1 
mutation  carriers  at  lowest  risk  will  have  a  lifetime  risk  of 
developing  ovarian  cancer  of  28%  or  lower  whereas  the  5%  at 
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highest  risk  will  have  a  lifetime  risk  of  63%  or  higher.  Similarly, 
the  breast  cancer  risk  by  age  40  is  predicted  to  be  4—9%  for  the  5% 
of  BRCA1  carriers  at  lowest  risk  compared  to  20-49%  for  the  5% 
at  highest  risk,  whereas  the  ovarian  cancer  risk  at  age  50  ranges 
from  3—7  %  for  the  5  %  at  lowest  risk  and  from  1 8—47  %  for  the  5  % 
at  highest  risk.  The  risks  at  all  ages  for  the  10%  at  highest  or  lowest 
risk  of  breast  and  ovarian  cancer  are  predicted  to  be  similar  to 
those  for  the  highest  and  lowest  5%.  Thus,  at  least  20%  of  BRCA1 
mutation  carriers  are  predicted  to  have  absolute  risks  of  disease 
that  are  different  front  the  average  BRCA1  carriers.  These  large 
differences  in  cancer  risks  may  have  practical  implications  for  the 
clinical  management  of  BRCA1  mutation  carriers,  for  example  in 
deciding  the  timing  of  interventions.  Such  risks,  in  combination 
with  other  lifestyle  and  hormonal  risk  factors  could  be  incorpo¬ 
rated  into  cancer  risk  prediction  algorithms  for  use  by  clinical 
genetics  centers.  These  algorithms  could  then  be  used  to  inform 
the  development  of  effective  and  consistent  clinical  recommenda¬ 
tions  for  the  clinical  management  of  BRCA1  mutation  carriers. 

Supporting  Information 

Figure  SI  Multidimensional  scaling  of  stage  1  and  stage  2 
(genotyped  on  iCOGS)  samples.  Panel  A:  Graphical  representa¬ 
tion  of  the  first  two  components,  for  the  BRCA1  carriers,  for 
subgroups  defined  by  the  common  185delAG  (c.68_69delAG) 
BRCA1  Jewish  founder  mutation,  the  5382insC  (c.5266dupC) 
Eastern  European  founder  mutation  and  Hapap  individuals 
(CEU:  European;  ASI:  Includes  CHB  and  JPT  populations; 
YRI:  African).  Panel  B:  Red  dots  represent  die  samples  with 
>22%  non-European  ancestry,  excluded  front  the  analysis. 

(PDF) 

Figure  S2  Genotyping  cluster  plots  in  the  BRCA1  samples  for 
the  key  associated  SNPs. 

(PDF)  ’ 

Figure  S3  Quantile-quantile  plot  for  the  kinship  adjusted  score 
test  statistic  for  stage  2  samples  (1  degree  of  freedom  trend  test) 
for  the  associations  with  breast  cancer  (panel  A)  and  ovarian 
cancer  (panel  B)  risk  for  BRCA1  mutation  carriers.  The  y  —  x  line 
corresponds  to  the  expected  distribution,  under  the  hypothesis  of 
no  inflation.  Inflation  was  estimated  using  the  values  of  the  lowest 
90%  test  statistics. 

(PDF) 

Figure  S4  P-values  (on  —  logio  scale)  by  chromosomal  position, 
for  the  associations  of  31,812  BRCA1  GW  AS  SNPs  with  breast 
(panel  A)  and  ovarian  (panel  B)  cancer  risk  for  BRCA1  mutation 
carriers  in  the  combined  stage  1  and  stage  2  samples.  Blue  lines 
correspond  to  a  P-value  of  10  5;  red  lines  correspond  to  P-value 
5xl0“8. 

(PDF) 

Figure  S5  Forest  plots  of  the  associations  by  country  of  residence 
of  BRCA1  mutation  carriers  in  the  combined  stage  1,  stage  2  and 
stage  3  samples  for  SNPs  found  to  be  associated  with  breast  and 
ovarian  cancer  risk  for  BRCA1  mutation  carriers.  Squares  indicate 
the  country  specific,  per-allele  HR  estimates  for  the  SNPs.  The 
area  of  the  square  is  proportional  to  the  inverse  of  the  variance  of 
the  estimate.  Horizontal  lines  indicate  95%  confidence  intervals. 
There  was  some  evidence  of  heterogeneity  in  country-specific  HR 
estimates  for  the  rs2290854  and  rs6682208  SNP  (P  =  0.04  and 
0.02  respectively,  Figure  S3),  but  after  accounting  for  opposite 
effects  of  these  SNPs  in  Finland/Denmark,  there  was  no  evidence 
of  heterogeneity.  There  was  some  evidence  of  heterogeneity  in  the 
country-specific  HRs  for  rs  1763 1303  (P-het  =  0.004,  df=  19)  but 
this  was  no  longer  present  after  excluding  one  country  (Poland,  P- 
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het  =  0.12,  df=  18),  or  when  restricting  analyses  to  Stage  1  and  2 
samples  only  (P-het  =  0.09,  df=  19).  There  was  no  evidence  of 
heterogeneity  for  correlated  SNP  rs  1832 11  (P-het  =  0.10).  There 
was  no  evidence  of  hereterogeneity  in  the  country-specific  HRs  for 
any  of  the  other  SNPs  (P>0.68). 

(PDF) 

Figure  S6  MDM4  regional  association  plot  using  BRCA1  stage  1 
and  stage  2  samples.  P-values  for  association  (— logm  scale)  with 
breast  cancer  risk  for  BRCA1  mutation  carriers  for  geno typed 
SNPs  (diamond  symbols  O)  and  SNPs  imputed  from  the  1000 
genomes  project  data  (square  symbols  □),  by  position  (hgl8)  on 
chromosome  1.  Red  gradient  represents  r2  value  with  the  most 
significant  genotyped  SNP  rs4951407.  The  blue  peaks  represent 
recombination  rate  in  the  region. 

(PDF) 

Figure  S7  TCF7L2  regional  association  plot  using  BRCA1  stage 
1  and  stage  2  samples.  P-values  for  association  (— log10  scale)  with 
breast  cancer  risk  for  BRCA1  mutation  carriers  for  genotyped 
SNPs  (diamond  symbols  O)  and  SNPs  imputed  from  the  1000 
genomes  project  data  (square  symbols  □),  by  position  (hgl  8)  on 
chromosome  1.  Missing  genotypes  were  replaced  by  imputed 
results.  Red  gradient  represents  r2  value  with  the  most  significant 
genotyped  SNP  rsl  11961 74.  The  blue  peaks  represent  recombi¬ 
nation  rate  in  the  region. 

(PDF) 

Figure  S8  Linkage  disequilibrium  patterns  between  the  SNPs  in 
the  novel  (1 7q2 1.31)  and  previously  identified  regions  on  1 7q2 1 . 
SNPs  in  the  novel  region  are  uncorrelated  with  SNPs  in  the  43.3— 
44.3  Mb  region  (positions  according  to  hg  build  36.3). 

(PDF) 

Figure  S9  4q32.3  regional  association  plot  using  BRCA1  stage  1 
and  stage  2  samples.  P-values  for  association  (—logm  scale)  with 
ovarian  cancer  risk  for  BRCA1  mutation  carriers  for  genotyped 
SNPs  (diamond  symbols  O)  and  imputed  SNPs  from  die  1000 
genomes  project  data  (square  symbols  □),  by  position  (hgl  8)  on 
chromosome  1.  Red  gradient  represents  r“  value  with  the  most 
significant  genotyped  SNP  rs4691139.  Blue  peaks  represent 
recombination  rate  in  the  region. 

(PDF) 

Figure  S10  Combined  Hazard  Ratios  (HR)  for  breast  and 
ovarian  cancer  for  BRCA1  mutation  carriers.  (A)  HR  for  Breast 
Cancer  based  on  10  loci  associated  with  breast  cancer  risk  for 
BRCA1  mutation  carriers.  (B)  Ovarian  Cancer  based  on  7  loci 
associated  with  ovarian  cancer  risk  for  BRCA1  mutation  carriers. 
All  HRs  computed  relative  to  the  lowest  risk  category.  The  Y-axes 
translate  the  combined  HRs  into  absolute  risks  of  developing 
breast  or  ovarian  cancer  by  age  80.  The  absolute  risks  and  HRs  at 
different  percentiles  of  the  combined  genotype  distribution  are  also 
marked.  The  combined  HRs  were  obtained  under  the  assumption 
diat  the  loci  interact  multiplicatively. 

(PDF) 

Figure  Sll  Cis-eQTL  and  allelic  expression  (AE)  analyses  at 
MDM4  locus.  A)  Cis-eQTLs  for  SNPs  at  MDM4  locus  using 
expression  data  from  primary  human  osteoblasts  (HOb).  B)  AE 
mapping  for  cis-regulatory  variation  in  MDM4  locus  using  primary 
skin  fibroblasts.  Coordinates  (hgl8)  for  locus  shown  on  top;  blue 
tracks  indicate  the  —  log10(P  value)  of  the  association  across  all 
SNPs  tested.  The  location  of  transcripts  in  this  region  is  shown 
below. 

(PDF) 


Figure  SI 2  Cis-eQTL  and  allelic  expression  (AE)  analyses  at 
chrl7q21.31  locus.  (Upper  panel)  Cis-eQTLs  for  SNPs  at 
cl7orf69  locus  using  expression  data  from  primary  human 
osteoblasts.  Allelic  expression  mapping  for  cis-regulatory  variation 
in  KANSL1  (middle  panel)  and  WNT3  loci  (lower  panel)  using  a 
CEU  population  panel  of  lymphoblastoid  cells.  Coordinates  (hgl8) 
for  loci  are  shown  on  top;  blue  tracks  indicate  the  — logio(P  value) 
of  the  association  across  all  SNPs  tested.  The  location  of  transcripts 
in  these  regions  are  shown. 

(PDF) 
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Abstract 

Epithelial  ovarian  cancer  (EOC)  has  a  heritable  component  that  remains  to  be  fully  characterized. 
Most  identified  common  susceptibility  variants  lie  in  non-protein-coding  sequences.  We 
hypothesized  that  variants  in  the  3 '  untranslated  region  at  putative  microRNA  (miRNA)  binding 
sites  represent  functional  targets  that  influence  EOC  susceptibility.  Here,  we  evaluate  the 
association  between  767  miRNA  binding  site  single  nucleotide  polymorphisms  (miRSNPs)  and 
EOC  risk  in  18,174  EOC  cases  and  26,134  controls  from  43  studies  genotyped  through  the 
Collaborative  Oncological  Gene-environment  Study.  We  identify  several  miRSNPs  associated 
with  invasive  serous  EOC  risk  (OR=1.12,  P= 1 0_x)  mapping  to  an  inversion  polymorphism  at 
17q2 1.31.  Additional  genotyping  of  non-miRSNPs  at  1 7q21 .31  reveals  stronger  signals  outside 
the  inversion  (/MO-10).  Variation  at  1 7q2 1.31  associates  with  neurological  diseases,  and  our 
collaboration  is  the  first  to  report  an  association  with  EOC  susceptibility.  An  integrated  molecular 
analysis  in  this  region  provides  evidence  for  ARHGAP27  and  PLEKHM1  as  candidate  EOC 
susceptibility  genes. 


Genome  wide  association  studies  (GW AS)  have  identified  hundreds  of  genetic  variants 
conferring  low  penetrance  susceptibility  to  cancer1.  More  than  90%  of  these  variants  lie  in 
non  protein-encoding  sequences  including  non-coding  RNAs  and  regions  containing 
regulatory  elements  (i.e.  enhancers,  promoters,  untranslated  regions  (UTRs))1.  The 
emerging  hypothesis  is  that  common  variants  within  non-coding  regulatory  regions 
influence  expression  of  target  genes,  thereby  conferring  disease  susceptibility1. 

MicroRNAs  (miRNAs)  are  short  non-coding  RNAs  that  regulate  gene  expression  post- 
transcriptionally  by  binding  primarily  to  the  3'  UTR  of  target  messenger  RNA  (mRNA), 
causing  translational  inhibition  and/or  mRNA  degradation2-4.  MiRNAs  have  been  shown  to 
play  a  key  role  in  the  development  of  epithelial  ovarian  cancer  (EOC)  2.  We  5  6  and  others  7 
have  found  evidence  that  various  miRNA-related  single  nucleotide  polymorphisms 
(miRSNPs)  are  associated  with  EOC  risk,  suggesting  they  may  be  key  disruptors  of  gene 
function  and  contributors  to  disease  susceptibility  8'9.  However,  studies  of  miRSNPs  that 
affect  miRNA-mRNA  binding  have  been  restricted  by  small  sample  sizes  and  therefore  have 
limited  statistical  power  to  identify  associations  at  genome  wide  levels  of  significance7-9. 
Larger-scale  studies  and  more  systematic  approaches  are  warranted  to  fully  evaluate  the  role 
of  miRSNPs  and  their  contribution  to  disease  susceptibility. 

Here,  we  use  the  in  silico  algorithms,  TargetScan  101 1  and  Pictar  1213  to  predict 
miRNA:mRNA  binding  regions  involving  genes  and  miRNAs  relevant  to  EOC,  and  align 
identified  regions  with  SNPs  in  the  dbSNP  database  (Methods).  We  then  genotype  1,003 
miRSNPs  (or  tagging  SNPs  with  r2>0.80)  in  18,174  EOC  cases  and  26,134  controls  from  43 
studies  from  the  Ovarian  Cancer  Association  Consortium  (OCAC)  (Supplementary  Table 
SI).  Genotyping  was  performed  on  a  custom  Illumina  Infinium  iSelect  array  designed  as 
part  of  the  Collaborative  Oncological  Gene-environment  Study  (COGS),  an  international 
effort  that  evaluated  21 1,155  SNPs  and  their  association  with  ovarian,  breast,  and  prostate 
cancer  risk.  Our  investigation  uncovers  1 7q2 1.31  as  a  new  susceptibility  locus  for  EOC,  and 
we  provide  insights  into  candidate  genes  and  possible  functional  mechanisms  underlying 
disease  development  at  this  locus. 
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Results 

Association  analyses 

Seven  hundred  and  sixty-seven  of  the  1,003  miRSNPs  passed  genotype  quality  control  (QC) 
and  were  evaluated  for  association  with  invasive  EOC  risk;  most  of  the  miRSNPs  that  failed 
QC  were  monomorphic  (see  Methods).  Primary  analysis  of  14,533  invasive  EOC  cases  and 
23,491  controls  of  European  ancestry  revealed  four  strongly  correlated  SNPs  (r~=0.99; 
rsl052587,  rsl7574361,  rs4640231,  and  rs916793)  that  mapped  to  17q2 1.31  and  were 
associated  with  increased  risk  (per  allele  odds  ratio  (OR)  =  1.10,  95%  Cl  1.06-1.13)  at  a 
genome-wide  level  of  significance  ( 10  7);  no  other  miRSNPs  had  associations  stronger  than 
P<10-4  (Supplementary  Fig.  SI).  The  most  significant  association  was  for  rsl052587 
(P=  1.9xl0-7),  and  effects  varied  by  histological  subtype,  with  the  strongest  effect  observed 
for  invasive  serous  EOC  cases  (OR=1.12,  H=4.6xlCT8)  (Table  1).  No  heterogeneity  in  ORs 
was  observed  across  study  sites  (Supplementary  Fig.  S2). 

Rsl052587,  rsl7574361,  and  rs4640231  reside  in  the  3  UTR  of  microtubule-associated 
protein  tau  ( MAPI ),  KAT8  regulatory  NSL  complex  subunit  1  ( KANSL1/KIAA1267 ),  and 
corticotrophin  releasing  hormone  receptor  1  ( CRHRJ )  genes,  at  putative  binding  sites  for 
miR-34a,  miR-130a,  and  miR-34c,  respectively.  The  fourth  SNP,  rs916793,  is  perfectly 
correlated  with  rs4640231  and  lies  in  a  non-coding  RNA,  M4/T-antisense  1.  1 7q2 1.31 
contains  a  ~900kb  inversion  polymorphism14  (ch  17:  43,624,578-44,525,051  MB,  human 
genome  build  37),  and  all  three  miRSNPs  and  the  tagSNP  are  located  within  the  inversion 
(Fig.  1). 

Chromosomes  with  the  non-inverted  or  inverted  segments  of  17q2 1.31,  respectively  known 
as  haplotype  1  (HI)  and  haplotype  2  (H2),  represent  two  distinct  lineages  that  diverged  ~3 
million  years  ago  and  have  not  undergone  any  recombination  event  14.  The  four 
susceptibility  alleles  identified  here  reside  on  the  H2  haplotype  that  is  reported  to  be  rare  in 
Africans  and  East  Asians,  but  is  common  (frequency  >20%)  and  exhibits  strong  linkage 
disequilibrium  (LD)  among  Europeans  14,  consistent  with  our  findings.  The  H2  haplotype 
has  a  frequency  of  22%  among  European  women  in  our  primary  analysis  (Table  1)  but  only 
3.2%  and  0.3%  among  Africans  (151  invasive  cases,  200  controls)  and  Asians  (716  invasive 
cases,  1573  controls),  respectively. 

To  increase  genomic  coverage  at  this  locus,  we  evaluated  an  additional  142  non-miRSNPs  at 
17q2 1.31  that  were  also  genotyped  as  part  of  COGS  in  the  same  series  of  OCAC  cases  and 
controls.  We  also  imputed  genotypes  using  data  from  the  1000  Genomes  Project15.  These 
approaches  identified  a  second  cluster  of  strongly  correlated  SNPs  (r2>0.90)  in  a  distinct 
region  proximal  to  the  inversion  (centered  at  chromosome  17:  43.5  MB,  human  genome 
build  37)  that  was  more  significantly  associated  with  the  risk  of  all  invasive  EOCs  ( P=  10~9) 
and  invasive  serous  EOC  specifically  (P=  10_1°)  than  the  cluster  of  identified  miRSNPs 
(Fig.  1).  Association  results  and  annotation  for  SNPs  in  this  second  cluster  are  shown  in 
Supplementary  Table  S2;  this  cluster  includes  three  directly  genotyped  SNPs  (rs2077606, 
rsl7631303,  and  rsl2942666),  with  the  strongest  association  observed  for  rs2077606  among 
all  invasive  cases  (OR=1.12,  95%  Cl:  1.08-1.16),  H=7.8xl0-9)  and  invasive  serous  cases 
(OR=1.15,  95%  Cl:  1.12-1.19,  T?=3.9xlO~10).  These  SNPs  were  chosen  for  genotyping  in 
COGS  because  they  had  shown  evidence  of  association  as  modifiers  of  EOC  risk  in  BRCA1 
gene  mutation  carriers  by  the  Consortium  of  Investigators  of  Modifiers  of  BRCA1/2 
(CIMBA)16.  Several  imputed  SNPs  in  strong  LD  (r2>0.90)  were  more  strongly  associated 
with  risk  than  their  highly  correlated  genotyped  SNPs  (Supplementary  Table  S2).  This  risk- 
associated  region  at  17q2 1.31  is  distinct  from  a  previously  reported  ovarian  cancer 
susceptibility  locus  at  1 7q2 1 17;  neither  the  genotyped  or  imputed  SNPs  we  report  here  are 
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strongly  correlated  (maximum  r2=  0.01)  with  SNPs  from  the  17q21  locus  (spanning 
46.2-46.5  MB,  build  37). 

Genotype  clustering  was  poor  for  rs2077606,  but  clustering  was  good  for  its  correlated  SNP, 
rs  12942666  (r2=0.99),  and  so  results  for  this  SNP  are  presented  instead  (Supplementary  Fig. 
S2;  Table  1).  Subgroup  analysis  revealed  marginal  evidence  of  association  for  rsl2942666 
with  endometrioid  ( P={).()4),  but  not  mucinous  or  clear  cell  EOC  subtypes  (Table  1),  and 
results  were  consistent  across  studies  (Supplementary  Fig.  S4).  Rs  12942666  is  correlated 
with  the  top-ranked  miRSNP,  rsl052587  (r2=0.76)  (Fig.  1).  To  evaluate  whether 
associations  observed  for  rsl2942666  and  rsl052587  represented  independent  signals, 
stepwise  logistic  regression  was  used;  only  rsl2942666  was  retained  in  the  model.  This 
suggests  that  the  cluster  which  includes  rs  12942666  is  driving  the  association  with  EOC  risk 
that  was  initially  identified  through  the  candidate  miRSNPs. 

Functional  and  molecular  analyses 

To  evaluate  functional  evidence  for  candidate  genes,  risk-associated  SNPs,  and  regulatory 
regions  at  1 7q2 1.31,  we  examined  a  one  megabase  region  centered  on  rs  12942666  using  a 
combination  of  locus  specific  and  genome-wide  assays  and  in  silico  analyses  of  publicly 
available  datasets,  including  The  Cancer  Genome  Atlas  (TCGA)  Project18  (see  Methods). 

Rs  12942666  and  many  of  its  correlated  SNPs  lie  within  introns  of  Rho  GTPase  activating 
protein  27  ( ARHGAP27)  or  its  neighboring  gene,  pleckstrin  homology  domain  containing, 
family  M  (with  RUN  domain)  member  1  ( PLEKHM1 )  (Supplementary  Table  S2).  There  are 
another  15  known  protein-coding  genes  within  the  region:  KIF18B,  C1QL1,  DCAKD, 
NMT1.  PLCD3.  ABCB4,  HEXIM1,  HEXIM2,  FMNL1,  C17orf46 ,  MAP3K14.  C17orf69 . 
CP  HP/,  IMPS,  and  MAPT  (Fig.  2a). 

To  evaluate  the  likelihood  that  one  or  more  genes  within  this  region  represent  target 
susceptibility  gene(s),  we  first  analyzed  expression,  copy  number  variation,  and  methylation 
involving  these  genes  in  EOC  tissues  and  cell  lines  (Fig.  2b-g;  Supplementary  Tables  S3  and 
S4).  Most  genes  showed  significantly  higher  expression  (P<  1 0-4)  in  EOC  cell  lines  versus 
normal  ovarian  cancer-precursor  tissues  (OCPTs);  ARHGAP27 showed  the  most 
pronounced  difference  in  gene  expression  between  cancer  and  normal  cells  ( P= 1  ()“ 1  <y)  (Fig. 
2b  and  Supplementary  Table  S3).  For  nine  genes,  we  also  found  overexpression  in  primary 
high-grade  serous  (HGS)  EOC  tumors  versus  normal  ovarian  tissue  in  at  least  one  of  two 
publicly  available  datasets.  The  Cancer  Genome  Atlas  (TCGA)  of  568  tumors  18and/or  the 
Gene  Expression  Omnibus  (GEO)  series  GSE18520  dataset  consisting  of  53  tumors19  (Fig. 
2c  and  Supplementary  Table  S3).  Analysis  of  DNA  copy  number  variation  in  TCGA 
revealed  frequent  loss  of  heterozygosity  in  this  region  rather  than  gains  (Supplementary  Fig. 
5a-b;  Supplementary  Methods).  We  observed  significant  hypomethylation  ( Pc  0.0 1 )  in 
ovarian  tumors  compared  to  normal  tissue  for  DCAKD,  PLCD3,  ACBD4,  FMNL1,  and 
PLEKHM1  (Fig.  2d  and  Supplementary  Table  S4),  which  is  consistent  with  the 
overexpression  observed  for  DCAKD,  PLCD3,  and  FMNL1.  Taken  together,  these  data 
suggest  that  the  mechanism  underlying  overexpression  may  be  epigenetic  rather  than  based 
on  copy  number  alterations. 

We  evaluated  associations  between  genotypes  for  the  top  risk  SNP  rsl2942666  (or  a 
tagSNP)  and  expression  of  all  genes  in  the  region  (expression  quantitative  trait  locus  (eQTL) 
analysis)  in  normal  OCPTs,  lymphoblastoid  cell  lines  (LCLs),  and  primary  tumors  from 
TCGA.  We  observed  significant  eQTL  associations  (P<0.05)  in  normal  OCPTs  only  for 
ARHGAP27 (P=0. 04)  (Fig.  2e;  Supplementary  Table  S3).  Because  rsl2942666  was  not 
genotyped  in  tissues  analyzed  in  TCGA,  we  used  data  for  its  correlated  SNP  rs2077606 
(r2=0.99)  to  evaluate  eQTLs  in  tumor  tissues.  Rs2077606  genotypes  were  strongly 
associated  with  PLEKHM1  expression  in  primary  FlGS-EOCs  (/MxlCT4)  (Fig.  2f; 
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Supplementary  Table  S3).  We  also  detected  associations  between  rsl2942666  (and 
rs2077606)  genotypes  and  methylation  for  PLEKHM1  and  CRHR1  in  primary  tumors 
(  7-0.020  and  0.001,  respectively)  using  methylation  quantitative  trait  locus  (mQTL) 
analyses  (Fig.  2g;  Supplementary  Table  S4).  Finally,  the  Catalogue  of  Somatic  Mutations  in 
Cancer  (COSMIC)  database  20  showed  that  nine  genes  in  the  region,  including  PLEKHM1 , 
have  functionally  significant  mutations  in  cancer,  although  for  most  genes  mutations  were 
not  reported  in  ovarian  carcinomas  (Supplementary  Table  S3). 

Taken  together,  these  data  suggest  that  several  genes  at  the  17q21.31  locus  may  play  a  role 
in  EOC  development.  The  risk-associated  SNPs  we  identified  fall  within  non-coding  DNA, 
suggesting  the  functional  SNP(s)  may  be  located  within  an  enhancer,  insulator,  or  other 
regulatory  element  that  regulates  expression  of  one  of  the  candidate  genes  we  evaluated. 

One  hypothesis  emerging  from  these  molecular  analyses  is  that  rsl2942666  (or  a  correlated 
SNP)  mediates  regulation  of  PLEKHM1,  a  gene  implicated  in  osteopetrosis  and 
endocytosis  21  and/or  ARHGAP27 \  a  gene  that  may  promote  carcinogenesis  through 
dysregulation  of  Rho/Rac/Cdc42-like  GTPases  22.  To  identify  the  most  likely  candidate  for 
being  the  causal  variant  at  1 7q2 1.31,  we  compared  the  difference  between  log-likelihoods 
generated  from  un-nested  logistic  regression  models  for  rs  12942666  and  each  of  198  SNPs 
in  a  1  MB  region  featured  in  Supplementary  Table  2.  As  expected,  the  log  likelihoods  were 
very  similar  due  to  the  strong  LD;  no  SNPs  emerged  as  having  a  likelihood  ratio  greater  than 
20  for  being  the  causal  variant. 

To  explore  the  possible  functional  significance  of  rsl2942666  and  strongly  correlated 
variants  (r2>0.80),  we  then  generated  a  map  of  regulatory  elements  around  rs  12942666 
using  ENCODE  data  and  FAIRE-seq  analysis  of  OCPTs  (Supplementary  Methods).  We 
observed  no  evidence  of  putative  regulatory  elements  coinciding  with  rs  12942666  or 
correlated  SNPs  (Fig.  3a).  A  map  of  regulatory  elements  in  the  entire  1  MB  region  can  be 
seen  in  Supplementary  Fig.  5c-f.  We  subsequently  used  in  silico  tools  (ANNOVAR23, 
SNPinfo24,  and  SNPnexus25)  to  evaluate  the  putative  function  of  possible  causal  SNPs 
(Supplementary  Methods).  Of  50  SNPs  with  possible  functional  roles,  more  than  30  reside 
in  putative  transcription  factor  binding  sites  (TFBS)  within  or  near  PLEKHM1  or 
ARHGAP27\  12  SNPs  may  affect  methylation  or  miRNA  binding,  and  two  are  non- 
synonymous  coding  variants  predicted  to  be  of  no  functional  significance  (Supplementary 
Table  S2). 

Since  most  of  the  top-ranked  1 7q2 1.31  SNPs  with  putative  functions  (including  two  of  the 
top  directly  genotyped  SNPs,  rs2077606  and  rsl7631303),  are  predicted  to  lie  in  TFBS 
(Supplementary  Table  S2),  we  used  the  in  silico  tool,  JASPAR  26  to  further  examine  TFBS 
coinciding  with  these  SNPs.  Two  SNPs  scored  highly  in  this  analysis  (Supplementary  Table 
S5);  the  first,  rsl2946900,  lies  in  a  GAGGAA  motif  and  canonical  binding  site  for  SPIB,  an 
Ets  family  member27.  Ets  factors  have  been  implicated  in  the  development  of  ovarian  cancer 
and  other  malignancies28,  but  little  evidence  supports  a  specific  role  for  SPIB  in  EOC 
etiology.  The  second  hit  was  for  rs2077606,  which  lies  in  an  E-box  motif  CACCTG  at  the 
canonical  binding  site  for  ZEB1  (chr.  lOpl  1.2),  a  zinc-finger  E-box  binding  transcription 
factor  that  represses  E-cadherin29-30  and  contributes  to  epithelial-mesenchymal  transition  in 
EOCs31. 

We  analyzed  expression  of  SPIB  and  ZEB1  in  primary  ovarian  cancers  using  TCGA  data; 
we  found  no  significant  difference  in  SPIB  expression  in  tumors  compared  to  normal  tissues 
(Fig.  3bi).  In  contrast,  ZEB1  expression  was  significantly  lower  in  primary  PIGS-EOCs 
compared  to  normal  tissues  ( 7-0.005)  (Fig.  3bii).  We  validated  this  finding  using  qPCR 
analysis  in  123  EOC  and  OCPT  cell  lines  (/!=8.8  xlO-4)  (Fig.  3biii).  Since  rs2077606  lies 
within  an  intron  of  PLEKHM1,  this  gene  is  a  candidate  target  for  ZEB1  binding  at  this  site. 
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Our  eQTL  analysis  also  suggests  ARHGAP27 is  a  strong  candidate  ZEB1  target  at  this 
locus;  A KHCiA AA?  7  e  x  p  re  s  s  i  o  n  is  highest  in  OCPT  cell  lines  carrying  the  minor  allele  of 
rs2077606  (AM). 034)  (Figure  3ci).  Although  we  observed  no  eQTL  associations  between 
rs2077606  and  ZEB1  expression  in  LCLs  (Figure  3cii),  we  found  evidence  of  eQTL 
between  rs2077606  and  ZEB1  expression  in  HGS-EOCs  (AM). 045)  (Figure  3ciii).  ZEB1 
binding  at  the  site  of  the  common  allele  is  predicted  to  repress  gene  expression  while  loss  of 
ZEB1  binding  conferred  by  the  minor  allele  may  enable  expression  of  ARHGAP27 ' 
consistent  with  the  eQTL  association  in  OCPTs  (Fig.  3ci).  Although  this  data  supports  a 
repressor  role  for  ZEB1  in  EOC  development  and  suggests  ARHGAP27  may  be  a  functional 
target  of  rs2077606  (or  a  correlated  SNP)  in  OCPTs  through  trans-regulatory  interactions 
with  ZEB1 ,  it  is  important  to  investigate  additional  hypotheses  as  we  continue  to  narrow 
down  the  list  of  target  susceptibility  genes,  SNPs,  and  regulatory  mechanisms  that  contribute 
to  EOC  susceptibility  at  this  locus. 

Discussion 

The  present  study  represents  the  largest,  most  comprehensive  investigation  of  the 
association  between  putative  miRSNPs  in  the  3'  untranslated  region  and  cancer  risk.  This 
and  the  systematic  follow-up  to  evaluate  associations  with  EOC  risk  for  non-miRSNPs  in 
the  region  identified  17q21.31  as  a  new  susceptibility  locus  for  EOC.  Although  the 
miRSNPs  identified  here  may  have  some  biological  significance,  our  findings  suggest  that 
other  types  of  variants  in  non-coding  DNA,  especially  non-miRSNPs  at  the  17q2 1.31  locus, 
are  stronger  contributors  to  EOC  risk.  It  is  possible,  however,  that  highly  significant 
miRSNPs  exist  that  were  not  identified  in  our  study  because  a)  they  were  not  pre-selected 
for  evaluation  (i.e.  they  do  not  reside  in  a  binding  site  involving  miRNAs  or  genes  with 
known  relevance  to  EOC,  or  they  reside  in  regions  other  than  the  3UTR3-4)  and/or  b)  they 
were  very  rare  and  could  not  be  designed  or  detected  with  our  genotyping  platform  and 
sample  size,  respectively.  Despite  these  limitations,  the  homogeneity  between  studies  of 
varying  designs  and  populations  in  the  OCAC  and  the  genome-wide  levels  of  statistical 
significance  imply  that  all  detected  associations  are  robust.  Furthermore,  molecular 
correlative  analyses  of  genes  within  the  region  suggest  that  cis-acting  genetic  variants 
influencing  non-coding  DNA  regulatory  elements,  miRNAs,  and/or  methylation  underlie 
disease  susceptibility  at  the  1 7q2 1.31  locus.  Finally,  these  studies  point  to  a  subset  of 
candidate  genes  (i.e.  PLEKHM1,  ARHGAP27)  and  transcription  factors  (i.e.  ZEB1)  that 
may  influence  EOC  initiation  and  development. 

This  novel  locus  is  one  of  eleven  loci  now  identified  that  contains  common  genetic  variants 
conferring  low  penetrance  susceptibility  to  EOC  in  the  general  population  17-32,33,34. 

Genetic  variants  at  several  of  these  loci  influence  risks  of  more  than  one  cancer  type, 
suggesting  that  several  cancers  may  share  common  mechanisms.  For  example,  alleles  at 
5pl 5.33  and  19pl3.1  are  associated  with  estrogen-receptor-negative  breast  cancer  and 
serous  EOC  susceptibility  32-35,  and  variants  at  8q24  are  associated  with  risk  of  EOC  and 
other  cancers  17,36.  Genetic  variation  at  1 7q2 1.31  is  also  associated  with  frontotemporal 
dementia-spectrum  disorders,  Parkinson's  disease,  developmental  delay,  and  alopecia  37‘42. 
Through  COGS,  the  CIMBA  also  recently  identified  17q21 .31  variants  as  modifying  EOC 
risk  in  BRCA1  and  BR CA2 carriers  (  ALIO-8  in  BRCA 1/2 combined)16.  In  particular, 
rs  1763 1303,  which  is  perfectly  correlated  with  rs2077606  and  rs  12942666,  was  among  the 
top-ranking  SNPs  detected  by  CIMBA16.  Consistent  with  our  findings,  CIMBA  also  provide 
data  that  suggests  EOC  risk  is  associated  with  altered  expression  of  one  or  more  genes  in  the 
17q2 1.31  region16.  Thus,  results  from  this  large-scale  collaboration  support  a  role  for  this 
locus  in  both  BRCA  1/2  and  non- BRCA  1/2  mediated  EOC  development.  Before  these 
findings  can  be  integrated  with  variants  from  other  confirmed  loci  and  non-genetic  factors  to 
predict  women  at  greatest  risk  of  developing  EOC  and  provide  options  for  medical 
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management  of  these  risks,  continued  efforts  will  be  needed  to  fine  map  the  1 7q2 1.31  region 
and  to  fully  characterize  the  functional  and  mechanistic  effects  of  potential  causal  SNPs  in 
disease  etiology  and  development. 


Methods 

Study  population 

Forty-three  individual  OCAC  studies  contributed  samples  and  data  to  the  COGS  initiative. 
Nine  of  the  43  participating  studies  were  case-only  (GRR,  HSK,  LAX,  ORE,  PVD,  RMH, 
SOC,  SRO,  UKR);  cases  from  these  studies  were  pooled  with  case-control  studies  from  the 
same  geographic  region.  The  two  national  Australian  case-control  studies  were  combined 
into  a  single  study  to  create  34  case-control  sets.  Details  regarding  the  43  participating 
OCAC  studies  are  summarized  in  Supplementary  Table  SI.  Briefly,  cases  were  women 
diagnosed  with  histologically  confirmed  primary  EOC  (invasive  or  low  malignant  potential), 
fallopian  tube  cancer,  or  primary  peritoneal  cancer  ascertained  from  population-  and 
hospital-based  studies  and  cancer  registries.  The  majority  of  OCAC  cases  (>90%)  do  not 
have  a  family  history  of  ovarian  or  breast  cancer  in  a  first-degree  relative,  and  most  have  not 
been  tested  for  BRC'A  1/2  mutations  as  part  of  their  parent  study.  Controls  were  women 
without  a  current  or  prior  history  of  ovarian  cancer  with  at  least  one  ovary  intact  at  the 
reference  date.  All  studies  had  data  on  disease  status,  age  at  diagnosis/interview,  self- 
reported  racial  group,  and  histologic  subtype.  Most  studies  frequency-matched  cases  and 
controls  on  age-group  and  race. 

Selection  of  Candidate  Genes  and  SNPs 

To  increase  the  likelihood  of  identifying  miRSNPs  with  biological  relevance  to  EOC,  we 
reviewed  published  literature  and  consulted  public  databases  to  generate  two  lists  of 
candidate  genes:  1)  55  miRNAs  reported  to  be  deregulated  in  EOC  tumors  compared  to 
normal  tissue  in  at  least  one  study  43'46,  and  2)  665  genes  implicated  in  the  pathogenesis  of 
EOC  through  gene  expression  analyses  47’48,  somatic  mutations  49 ,  or  genetic  association 
studies  50-51.  Many  genes  were  identified  through  the  Gene  Prospector  database51,  a  web- 
based  application  that  selects  and  prioritizes  potential  disease-related  genes  using  a  highly 
curated,  up-to-date  database  of  genetic  association  studies. 

Using  each  candidate  gene  list  as  input,  we  identified  putative  sites  of  miRNA:mRNA 
binding  with  the  computational  prediction  algorithms  TargetScan  version  5.1  1011  and 
PicTar  1213  and  Supplementary  Methods).  Each  algorithm  generated  start  and  end 
coordinates  for  regions  of  miRNA  binding,  and  database  SNP  (dbSNP)52  version  129  was 
mined  to  identify  SNPs  falling  within  the  designated  binding  regions.  Of  3,246  unique 
miRSNPs  that  were  identified,  1102  obtained  adequate  design  scores  using  Illumina's  Assay 
Design  Tool.  The  majority  (n=1085,  98.5%)  of  the  1 102  SNPs  resided  in  predicted  sites  of 
miRNA  binding  (and  therefore  represent  miRSNPs),  while  the  remainder  (n=17)  are 
tagSNPs  (r2  >  0.80)  for  miRSNPs  that  were  not  designable  or  had  poor  to  moderate  design 
scores.  Ninety  nine  of  the  1 102  SNPs  failed  during  custom  assay  development,  leaving  a 
total  of  1,003  SNPs  that  were  designed  and  genotyped. 

Genotyping  and  QC 

The  candidate  miRSNPs  selected  for  the  current  investigation  were  genotyped  using  a 
custom  Illumina  Infinium  iSelect  Array  as  part  of  the  international  Collaborative 
Oncological  Gene -environment  Study  (COGS),  an  effort  to  evaluate  211,155  genetic 
variants  for  association  with  the  risk  of  ovarian,  breast,  and  prostate  cancer.  Samples  and 
data  were  included  from  several  consortia,  including  OCAC,  the  Breast  Cancer  Association 
Consortium  (BCAC),  the  Consortium  of  Investigators  of  Modifiers  of  BRC'A  //2(CIMBA), 
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and  the  Prostate  Cancer  Association  Group  to  Investigate  Cancer-  Associated  Alterations  in 
the  Genome  (PRACTICAL).  Although  one  of  the  primary  goals  of  COGS  was  to  replicate 
and  fine-map  findings  from  pooled  genome-wide  association  studies  (GWAS)  from  each 
consortia,  this  effort  also  aimed  to  genotype  candidate  SNPs  of  interest  (such  as  the 
miRSNPs).  The  genotyping  and  QC  process  has  been  described  recently  in  our  report  of 
OCAC's  pooled  GWAS  findings34.  Briefly,  COGS  genotyping  was  conducted  at  six  centers, 
two  of  which  were  used  for  OCAC  samples:  McGill  University  and  Genome  Quebec 
Innovation  Centre  (Montreal,  Canada)  (n=19,806)  and  Mayo  Clinic  Medical  Genomics 
Facility  (n=27,824).  Each  96-well  plate  contained  250ng  genomic  DNA  (or  500  ng  whole 
genome-amplified  DNA).  Raw  intensity  data  files  were  sent  to  the  COGS  data  coordination 
center  at  the  University  of  Cambridge  for  genotype  calling  and  QC  using  the  GenCall 
algorithm. 

Sample  QC — One  thousand  two  hundred  and  seventy  three  OCAC  samples  were 
genotyped  in  duplicate.  Genotypes  were  discordant  for  greater  than  40  percent  of  SNPs  for 
22  pairs.  For  the  remaining  1,251  pairs,  concordance  was  greater  than  99.6  percent.  In 
addition  we  identified  245  pairs  of  samples  that  were  unexpected  genotypic  duplicates.  Of 
these,  137  were  phenotypic  duplicates  and  judged  to  be  from  the  same  individual.  We  used 
identity-by-state  to  identify  618  pairs  of  first-degree  relatives.  Samples  were  excluded 
according  to  the  following  criteria:  1)  1,133  samples  with  a  conversion  rate  (the  proportion 
of  SNPs  successfully  called  per  sample)  of  less  than  95  percent;  2)  169  samples  with 
heterozygosity  >5  standard  deviations  from  the  intercontinental  ancestry  specific  mean 
heterozygosity;  3)  65  samples  with  ambiguous  sex;  4)  269  samples  with  the  lowest  call  rate 
from  a  first-degree  relative  pair  5)  1,686  samples  that  were  either  duplicate  samples  that 
were  non-concordant  for  genotype  or  genotypic  duplicates  that  were  not  concordant  for 
phenotype.  A  total  of  44,308  eligible  subjects  including  18,174  cases  and  26,134  controls 
were  available  for  analysis. 

SNP  QC  — The  process  of  SNP  selection  by  the  participating  consortia  has  been 
summarized  previously34.  In  total,  211,155  SNP  assays  were  successfully  designed, 
including  23,239  SNPs  nominated  by  OCAC.  Overall,  94.5%  of  OCAC-nominated  SNPs 
passed  QC.  SNPs  were  excluded  if:  (1)  the  call  rate  was  less  than  95%  with  MAF  >  5%  or 
less  than  99%  with  MAF  <  5%  (n=5,201);  (2)  they  were  monomorphic  upon  clustering 
(n=2,587);  (3)  p  values  of  HWE  in  controls  were  less  than  1 O'  7  (n=2,914);  (4)  there  was 
greater  than  2%  discordance  in  duplicate  pairs  (n=22);  (5)  no  genotypes  were  called 
(n=  1 ,3 1 1).  Of  1,003  candidate  miRSNPs  genotyped,  767  passed  QC  criteria  and  were 
available  for  analysis;  the  majority  of  miRSNPs  that  were  excluded  were  monomorphic 
(n=158,  67%).  Genotype  intensity  cluster  plots  were  visually  inspected  for  the  most  strongly 
associated  SNPs. 

Population  stratification 

HapMap  DNA  samples  for  European  (CEU,  n=60),  African  (YRI,  n=53)  and  Asian  (JPT 
+CHB,  n=88)  populations  were  also  genotyped  using  the  COGS  iSelect.  We  used  the 
program  LAMP  53  to  estimate  intercontinental  ancestry  based  on  the  HapMap  (release  no. 
23)  genotype  frequency  data  for  these  three  populations.  Eligible  subjects  with  greater  than 
90  percent  European  ancestry  were  defined  as  European  (n=39,773)  and  those  with  greater 
than  80  percent  Asian  or  African  ancestry  were  defined  as  Asian  (n=2,382)  or  African 
respectively  (n=387).  All  other  subjects  were  defined  as  being  of  mixed  ancestry  (n=l,766). 
We  then  used  a  set  of  37,000  unlinked  markers  to  perform  principal  components  analysis 
within  each  major  population  subgroup.  To  enable  this  analysis  on  very  large  sample  sizes 
we  used  an  in-house  program  written  in  C++  using  the  Intel  MKL  libraries  for  eigenvectors 
(available  at  http://ccge.medschl.cam.ac.uk/software/). 
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Tests  of  association 

We  used  unconditional  logistic  regression  treating  the  number  of  minor  alleles  carried  as  an 
ordinal  variable  (log-additive  model)  to  evaluate  the  association  between  each  SNP  and 
EOC  risk.  Separate  analyses  were  carried  out  for  each  ancestry  group.  The  model  for 
European  subjects  was  adjusted  for  population  substructure  by  including  the  first  5 
eigenvalues  from  the  principal  components  analysis.  African-  and  Asian-  ancestry-specific 
estimates  were  obtained  after  adjustment  for  the  first  two  components  representing  each 
respective  ancestry.  Due  to  the  heterogeneous  nature  of  EOC,  subgroup  analysis  was 
conducted  to  estimate  genotype-specific  odds  ratios  for  serous  carcinomas  (the  most 
predominant  histologic  subtype)  and  the  three  other  main  histological  subtypes  of  EOC: 
endometrioid,  mucinous,  and  clear  cell.  Separate  analyses  were  also  carried  out  for  each 
study  site,  and  site-specific  ORs  were  combined  using  a  fixed-effect  meta-analysis.  The  I2 
test  of  heterogeneity  was  estimated  to  quantify  the  proportion  of  total  variation  due  to 
heterogeneity  across  studies,  and  the  heterogeneity  of  odds  ratios  between  studies  was  tested 
with  Cochran's  Q  statistic.  The  R  statistical  package  ‘r-meta’  was  used  to  generate  forest 
plots.  Statistical  analysis  was  conducted  in  PLINK54. 

Imputation  of  genotypes  at  17q21.31 

To  increase  genomic  coverage,  we  imputed  genotype  data  for  the  17q21.31  region  (chrl7: 
40,099,001-44,900,000,  human  genome  build  37)  with  IMPUTE2.2  55  using  phase  1 
haplotype  data  from  the  January  2012  release  of  the  1000  genome  project  data  15.  For  each 
imputed  genotype  the  expected  number  of  minor  alleles  carried  was  estimated  (as  weights). 
IMPUTE  provides  estimated  allele  dosage  for  SNPs  that  were  not  genotyped  and  for 
samples  with  missing  data  for  directly  genotyped  SNPs.  Imputation  accuracy  was  estimated 
using  an  r-quality  metric.  We  excluded  imputed  SNPs  from  analysis  where  the  estimated 
accuracy  of  imputation  was  low  (r2<0.3). 

Functional  studies  and  in  silico  analysis  of  publicly  available  datasets 

We  performed  the  following  assays  for  each  gene  in  the  one  megabase  region  centered  on 
the  most  significant  SNP  at  the  17q21.31  locus  (see  Supplementary  Methods):  gene 
expression  analysis  in  EOC  cell  lines  (n=51)  compared  to  normal  cell  lines  from  ovarian 
cancer  precursor  tissues  (OCPTs)56,  including  ovarian  surface  epithelial  cells  (OSECs)  and 
fallopian  tube  secretory  epithelial  cells  (FTSECs)  (n=73),  and  CpG  island  methylation 
analysis  in  high  grade  serous  ovarian  cancer  (HGS-EOC)  tissues  (n=106)  and  normal  tissues 
(n=7).  Genes  in  the  region  were  also  evaluated  in  silico  by  mining  publicly  available 
molecular  data  generated  for  primary  EOCs  and  other  cancer  types,  including  The  Cancer 
Genome  Atlas  (TCGA)  analysis  of  568  HGS  EOCs18,  the  Gene  Expression  Omnibus  series 
GSE18520  dataset  of  53  HGS  EOCs  19,  and  the  Catalogue  Of  Somatic  Mutations  In  Cancer 
(COSMIC)  database20. 

We  used  these  data  to  1)  compare  gene  expression  between  a)  EOC  cell  lines  and  normal 
cell  lines  and  b)  tumor  tissue  and  normal  tissue  from  TCGA,  2)  compare  gene  methylation 
status  in  HGS-EOCs  and  normal  tissue,  3)  conduct  gene  expression  quantitative  trait  locus 
(eQTL)  analyses  to  evaluate  genotype -gene  expression  associations  in  normal  OCPTs, 
lymphoblastoid  cells,  and  HGS-EOCs,  and  4)  conduct  methylation  quantitative  trait  locus 
(mQTL)  analyses  in  HGS-EOCs  to  evaluate  genotype -gene  methylation  associations.  Data 
from  ENCyclopedia  Of  DNA  Elements  (ENCODE)  57  were  used  to  evaluate  the  overlap 
between  regulatory  elements  in  non-coding  regions  and  risk-associated  SNPs.  ENCODE 
describes  regulatory  DNA  elements  (e.g.  enhancers,  insulators  and  promotors)  and  non¬ 
coding  RNAs  (e.g.  miRNAs,  long  non-coding  and  piwi-interacting  RNAs)  that  may  be 
targets  for  susceptibility  alleles.  However,  ENCODE  does  not  include  data  for  EOC 
associated  tissues,  and  activity  of  such  regulatory  elements  often  varies  in  a  tissue  specific 
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manner  57-58.  Therefore,  we  profiled  the  spectrum  of  non-coding  regulatory  elements  in 
OSECs  and  FTSECs  using  a  combination  of  formaldehyde  assisted  isolation  of  regulatory 
elements  sequencing  (FAIRE-seq)  and  RNA  sequencing  (RNA-seq)  (Supplementary 
Methods). 

Supplementary  Material 

Refer  to  Web  version  on  PubMed  Central  for  supplementary  material. 
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Figure  1.  Regional  association  plot  for  genotyped  and  imputed  SNPs  at  17q21.31 

The  middle  portion  of  the  plot  contains  the  region  of  the  inversion  polymorphism  (ch  17: 
43,624,578-44,525,051,  hg  build  37),  with  the  four  blue  dots  representing  the  candidate 
miRSNPs  (rs464023 1 ,  rsl052587,  and  rsl7574361)  and  the  tagSNP,  rs916793.  rsl052587  in 
the  3UTR  of  M APT  Was  the  strongest  signal  (P=4.6xl0-8)  among  the  miRSNPs.  The 
cluster  on  the  left  side  of  the  plot  (around  43.5  MB)  contains  highly  correlated  SNPs 
(r2=0.99),  including  three  directly  genotyped  intronic  SNPs,  rs2077606  and  rsl7631303  in 
PLEKHM1  (P=3.9  x  10“ 10  and  P=4.7  x  10“'°,  respectively),  and  rsl2942666  in 
ARHGAP27  (P=1.0  x  10-9).  The  linkage  disequilibrium  between  each  plotted  SNP  and  the 
top-ranked  SNP  in  the  region  with  the  best  clustering,  rsl2942666,  is  depicted  by  the  color 
scheme;  the  deeper  the  color  red,  the  stronger  the  correlation  between  the  plotted  SNP  and 
rsl2942666.  The  top  miRSNP,  rsl052587,  is  moderately  correlated  (r2=0.76)  with 
rs2077606,  rsl7631303,  and  rsl2942666  in  our  study  population.  (n=8,371  invasive  serous 
cases  and  n=  23,491  controls,  of  European  ancestry). 
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Figure  2.  Expression  and  methylation  analyses  at  the  17q21.31  ovarian  cancer  susceptibility 
locus 

(a)  Genomic  map  and  LD  structure.  The  location  and  approximate  size  of  17  known  protein 
coding  genes  (grey)  and  one  microRNA  (blue)  in  the  region  are  shown  relative  to  the 
location  of  rsl2942666.  Orange  indicates  the  location  of  the  inversion  polymorphism,  and 
green  indicates  the  region  outside  the  inversion. 

(b)  Gene  expression  (EOC  and  normal  cell  lines).  Gene  expression  analysis  in  Epithelial 
Ovarian  Cancer  (EOC)  cell  lines  (T;  n=51)  compared  to  normal  ovarian  surface  epithelial 
cells  (OSECs)  and  fallopian  tube  secretory  epithelial  cells  (FTSEC)  (N;  n=73)  (*  p<0.05, 

**p<0.01,  ***p<0.001). 

(c)  Gene  expression  (Primary  EOCs  and  Normal  Tissue).  Boxplots  of  The  Cancer  Genome 
Atlas  (TCGA)  Affymetrix  U133A-array  based  gene  expression  in  primary  high-grade  serous 
ovarian  tumors  (T;  n=568)  and  normal  fallopian  tube  tissues  (N;  n=8).  Where  data  were  not 
available  in  TCGA,  gene  expression  data  from  the  Gene  Expression  Omnibus  series 
GSE18520  dataset  containing  53  high-grade  serous  tumors  and  10  normal  ovarian  tissues 
are  shown  (indicated  by  a  red  asterisk). 

(d)  Methylation  (Primary  Tumors  and  Normal  Tissue).  Methylation  analysis  of  106  high- 
grade  serous  ovarian  tumors  compared  to  normal  ovarian  tissues  (n=7).  Methylation  data 
were  generated  for  CpG  site(s)  associated  with  each  gene  using  the  Illumina  450 
methylation  array.  Pairwise  analysis  of  methylation  for  an  individual  CpG  for  each  gene  is 
based  on  the  CpG  with  most  significant  inverse  relationship  to  gene  expression  (i.e.  cis 
negative),  for  a  subset  of  43  tumors  having  available  gene  expression  data.  Statistically 
significant  cis-negative  probes  are  indicated  by  a  red  open  circle. 

(e)  Expression  quantitative  trait  locus  (eQTL)  analysis  (OSECs/FTSECs).  eQTL  analysis 
comparing  expression  for  each  gene  to  genotype  for  the  most  statistically  significant  SNP  at 
17q2 1.31  (rsl2942666),  for  73  normal  OSEC/FTSEC  lines.  Data  are  presented  as  box  plots 
comparing  expression  levels  in  cases  carrying  rare  homozygotes/heterozygotes,  with  cases 
homozygous  for  the  common  allele. 
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(f)  Expression  quantitative  trait  locus  (eQTL)  analysis  (Primary  EOCs).  eQTL  analysis 
comparing  expression  for  each  gene  to  genotype  using  level  3  gene  expression  profiling  data 
from  Agilent  244K  custom  arrays  and  level  2  genotype  data  from  the  Illumina  lM-Duo 
BeadChip  for  568  high-grade  serous  ovarian  cancer  patients  from  TCGA.  In  all  panels  * 
p<0.05,  **p<0.01,  ***  p<0.001.  Grey  X's  indicate  data  not  available.  Here,  genotype  data 
for  rs2077606  is  used  (rather  than  rsl2942666)  because  rsl2942666  was  not  genotyped  in 
the  TCGA  dataset. 

(g)  Methylation  quantitative  trait  locus  (mQTL)  analysis  (Primary  EOCs).  mQTL  analysis 
showing  methylation  status  in  227  high-grade  serous  EOCs  relative  to  rsl2942666  genotype. 
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Figure  3.  eQTL  associations  between  the  rs2077606  susceptibility  SNP  at  17q21 

(a)  Analysis  of  the  chromatin  landscape  at  ARHGAP27  and  PLEKHM1  in  normal  ovarian 
surface  epithelial  and  fallopian  tube  secretory  epithelial  cells  (OSECs/FTSECs)  by 
formaldehyde  assisted  isolation  of  regulatory  elements  sequencing  (FAIRE-seq).  Alignment 
with  ENCODE  FAIRE-seq  tracks  (shown)  and  ChIP-seq  tracks  (not  shown)  from  non-EOC 
related  cell  lines  reveals  open  chromatin  peaks  corresponding  to  (a)  promoters  (b)  CTCF 
insulator  binding  sites  and  (c)  H3K4me3  signals,  suggestive  of  a  dynamic  regulatory  region. 
An  H3K4me3  signal  at  a  coding  A RHGA P2 7 m R N A  variant  (c)  located  between  the  genes 
is  highly  pronounced  in  OSEC/FTSEC,  suggesting  tissue-specific  expression  and  function. 
Several  of  the  top-ranking  SNPs  fall  within  transcription  factor  binding  sites  (TFFS) 
(Supplementary  Table  S2).  rsl2942666  did  not  coincide  with  TFBS,  but  tightly  linked 
SNPs,  rsl2946900  and  rs2077606  fell  within  predicted  binding  sites  for  SPIB  and  ZEB1, 
respectively. 

(b)  We  analyzed  the  expression  of  SPIB  and  ZEB1  in  primary  high-grade  serous  tumors 
from  TCGA  and  found  (i)  no  significant  change  in  SPIB  expression  but  (ii)  significant 
down-regulation  of  ZEB1  in  tumors  compared  to  normal  tissues,  (iii)  QPCR  analysis  of 
ZEB1  expression  in  73  OCPT  and  50  EOC  cell  lines  replicated  the  finding  that  ZEB1 
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expression  is  lower  in  cancer  cell  lines  compared  to  normal  precursor  tissues,  (c)  eQTL 
analysis  in  OSECs/FTSECs  for  different  alleles  of  rs2077606.  There  was  a  (i)  significant 
eQTL  for  ARHGAP27 \  with  the  minor  (A)  allele  being  associated  with  increased 
ARHGAP27 ex pression  (  7-0.034).  (ii)  no  evidence  of  an  association  between  rs2077606 
genotypes  and  ARHGAP2 7 expression  in  lymphoblastoid  cell  lines  suggesting  this 
association  may  be  tissue-specific,  (iii)  We  observed  a  borderline  significant  eQTL 
association  between  ZEB1  mRNA  and  rs2077606  in  tumors  from  TCGA,  with  the  minor 
risk  allele  also  associated  with  lower  expression. 
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Identification  of  six  new  susceptibility  loci  for  invasive 
epithelial  ovarian  cancer 


© 


Genome-wide  association  studies  (GWAS)  have  identified 
12  epithelial  ovarian  cancer  (EOC)  susceptibility  alleles.  The 
pattern  of  association  at  these  loci  is  consistent  in  BRCA1 
and  BRCA2  mutation  carriers  who  are  at  high  risk  of  EOC. 

After  imputation  to  1000  Genomes  Project  data,  we  assessed 
associations  of  11  million  genetic  variants  with  EOC  risk 
from  15,437  cases  unselected  for  family  history  and  30,845 
controls  and  from  15,252  BRCA1  mutation  carriers  and  8,211 
BRCA2  mutation  carriers  (3,096  with  ovarian  cancer),  and  we 
combined  the  results  in  a  meta-analysis.  This  new  study  design 
yielded  increased  statistical  power,  leading  to  the  discovery  of 
six  new  EOC  susceptibility  loci.  Variants  at  1  p36  (nearest  gene, 
WNT4),  4q26  ( SYNP02 ),  9q34.2  (ABO)  and  17q11.2  ( ATAD5 ) 
were  associated  with  EOC  risk,  and  at  1p34.3  ( RSPOI )  and 
6p22.1  ( CPX6 )  variants  were  specifically  associated  with  the 
serous  EOC  subtype,  all  with  P  <  5  x  10-8.  Incorporating  these 
variants  into  risk  assessment  tools  will  improve  clinical  risk 
predictions  for  BRCA1  and  BRCA2  mutation  carriers. 

The  risk  of  developing  invasive  EOC  is  higher  than  the  population 
average  for  relatives  of  women  diagnosed  with  the  disease1,2,  indi¬ 
cating  the  importance  of  genetic  factors  in  disease  susceptibility. 
Approximately  25%  of  the  familial  aggregation  of  EOC  is  explained 
by  rare,  high-penetrance  alleles  of  BRCA1  and  BRCA2  (ref.  3). 
Furthermore,  population-based  GWAS  have  identified  common  vari¬ 
ants  associated  with  invasive  EOC  at  1 1  loci4-9,  but  only  6  have  also 
been  evaluated  in  BRCA1  and/or  BRCA2  mutation  carriers.  All  loci 
analyzed  displayed  associations  in  mutation  carriers  that  were  con¬ 
sistent  with  the  associations  observed  in  the  general  population10-12. 
In  addition,  the  4q32.3  locus  is  associated  with  EOC  risk  for  BRCA1 
mutation  carriers  only13.  However,  the  common  genetic  variants 
identified  explain  less  than  3.1%  of  the  excess  familial  risk  of  EOC, 
so  additional  susceptibility  loci  are  likely  to  exist. 

Women  diagnosed  with  EOC  and  unaffected  women  from  the  gen¬ 
eral  population  ascertained  through  the  Ovarian  Cancer  Association 
Consortium  (OCAC)14  and  BRCA1  and  BRCA2  mutation  carriers 
from  the  Consortium  of  Investigators  of  Modifiers  of  BRCA1/2 
(CIMBA)15  were  genotyped  as  part  of  the  Collaborative  Oncological 
Gene-environment  Study  (COGS)  using  the  iCOGS  custom  array. 
In  addition,  data  were  available  for  cases  and  controls  from  three 
EOC  GWAS.  We  first  evaluated  whether  the  EOC  susceptibility  loci  at 
8q21.13, 10pl2.31, 17ql2,  5pl5.33  and  17q21.31  recently  identified  by 
OCAC7-9  also  showed  evidence  of  association  in  BRCA1  and  BRCA2 


mutation  carriers.  Using  data  from  >200,000  genotyped  SNPs7,13,16, 
we  performed  imputation  of  common  variants  from  1000  Genomes 
Project  data17  and  evaluated  the  associations  of  these  SNPs  with  inva¬ 
sive  EOC  risk  in  OCAC  samples  and  in  BRCA1  and  BRCA2  mutation 
carriers  from  CIMBA.  Given  the  strong  evidence  for  a  significant 
overlap  in  loci  predisposing  to  EOC  in  the  general  population  and 
those  associated  with  risk  in  BRCA1  and  BRCA2  mutation  carriers, 
we  carried  out  a  meta-analysis  of  the  EOC  risk  associations  to  identify 
new  EOC  susceptibility  loci. 

Genotype  data  were  available  for  imputation  on  15,252  BRCA1 
mutation  carriers  and  8,21 1  BRCA2  mutation  carriers,  of  whom  2,462 
and  631,  respectively,  were  affected  with  EOC13,16.  For  OCAC  sam¬ 
ples,  genotyping  data  were  available  from  1 5,437  women  with  invasive 
EOC  (including  9,627  with  serous  EOC)  and  30,845  controls  from  the 
general  population7.  Imputation  was  performed  separately  for  BRCA1 
mutation  carriers,  BRCA2  mutation  carriers,  OCAC- COGS  samples 
and  samples  included  in  the  three  OCAC  GWAS  (Supplementary 
Figs.  1  and  2,  and  Supplementary  Tables  1  and  2).  The  meta-analysis 
was  based  on  data  for  11,403,952  SNPs  (Supplementary  Fig.  3). 

Of  the  five  EOC  susceptibility  loci  that  had  not  yet  been  evalu¬ 
ated  in  mutation  carriers,  two  were  associated  with  EOC  risk  for 
both  BRCA1  and  BRCA2  mutation  carriers  at  P  <  0.05  (10pl2.31 
and  17q21.31)  (Supplementary  Table  3).  Overall,  7  of  the  12  known 
EOC  susceptibility  loci  provided  evidence  of  association  in  BRCA1 
mutation  carriers  and  6  were  associated  in  BRCA2  mutation  carriers. 
With  the  exception  of  5pl5.33  ( TERT ),  all  loci  had  hazard  ratio  (HR) 
estimates  in  BRCA1  and  BRCA2  mutation  carriers  that  were  in  the 
same  direction  as  the  odds  ratio  (OR)  estimates  for  the  serous  subtype 
EOC  samples  in  OCAC  (Fig.  1).  Analyzing  the  associations  jointly  in 
BRCA1  and  BRCA2  mutation  carriers  and  serous  EOC  cases  in  OCAC 
provided  stronger  evidence  of  association,  with  smaller  P  values  for 
eight  of  the  susceptibility  variants  in  comparison  to  the  analysis  in 
OCAC  samples  alone. 

Using  the  imputed  genotypes,  we  observed  no  new  associations 
at  P  <  5  x  10-8  in  the  analysis  of  associations  in  BRCA1  and  BRCA2 
mutation  carriers  separately.  However,  we  identified  seven  previously 
unreported  associations  (P  <  5  x  10-8)  in  OCAC  samples  alone,  in 
the  meta-analysis  of  EOC  associations  in  BRCA1  and  BRCA2  muta¬ 
tion  carriers  and  OCAC  samples,  or  in  the  meta-analysis  in  BRCA1 
and  BRCA2  mutation  carriers  and  serous  EOC  cases  from  OCAC 
(Supplementary  Fig.  4  and  Supplementary  Tables  4  and  5).  SNPs 
in  six  of  these  loci  remained  genome-wide  statistically  significant 
after  we  reimputed  genotypes  with  imputation  parameters  set  to 
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Figure  1  HR  estimates  for  association  with  EOC  of  12  previously  reported 
EOC  susceptibility  variants  and  the  6  new  susceptibility  variants  for 
OCAC  samples,  BRCA1  mutation  carriers  and  BRCA2  mutation  carriers. 
Error  bars  indicate  95%  confidence  intervals.  The  arrow  indicates  that  the 
confidence  interval  extends  beyond  the  scale  of  the  xaxis. 


maximize  accuracy  (Fig.  1  and  Table  1).  We  found  SNPs  at  17qll.2 
(near  ATAD5)  to  be  associated  with  invasive  EOC  in  the  OCAC  sam¬ 
ples  (P  <  5  x  10-8)  (Table  1).  For  the  lead  SNP,  chrl7:29181220:I,  the 
estimated  HR  value  for  BRCA1  mutation  carriers  was  significantly 
different  from  the  estimate  in  OCAC  samples  (P  =  0.005);  the  asso¬ 
ciation  for  BRCA2  mutation  carriers  was  consistent  with  the  OCAC 
OR  estimate  (BRCA2-OCAC  meta-analysis  P  =  2.6  x  10-9).  SNPs 
at  four  loci  were  associated  at  P  <  5  x  10~8  with  risk  of  all  invasive 
EOC  subtypes  in  the  meta-analysis  (Supplementary  Fig.  5):  lp36, 
lp34.3,  4q26  and  9q34.2.  At  lp34.3,  the  most  strongly  associated 
SNP,  rs58722170,  displayed  stronger  associations  in  the  meta-analysis 
of  serous  EOC  cases  from  OCAC  (P  =  2.7  x  10-12).  In  addition, 
SNPs  at  6p22.1  were  associated  at  a  genome- wide  significance  level 
in  the  meta-analysis  of  associations  with  serous  EOC  (P  =  3.0  x 
10-8)  but  not  in  the  meta-analysis  of  all  invasive  EOC  associations 
(P  =  6.8  x  10“6). 

The  most  significantly  associated  SNP  at  each  of  the  six  new  loci  had 
high  imputation  accuracy  (r2  >  0.83).  At  the  lp34.3,  lp36  and  6p22.1 
loci,  there  was  at  least  one  genome-wide  significant  genotyped  SNP  cor¬ 
related  with  the  lead  SNP  (pairwise  r2  >  0.73)  (Supplementary  Fig.  5, 
Supplementary  Table  6  and  Supplementary  Note) .  We  genotyped  the 
leading  (imputed)  SNPs  of  the  three  other  loci  in  a  subset  of  the  samples 
using  iPLEX  technology  (Supplementary  Note).  Correlations  between 
the  expected  allele  dosages  from  imputation  and  the  observed  genotypes 
for  the  variants  at  4q26  and  9q34.2  (r2  =  0.90  and  0.84,  respectively)  were 
consistent  with  the  estimated  imputation  accuracy  scores  (0.93  and  0.83 
for  CIMBA  samples).  The  lead  SNP  at  1 7ql  1 .2  failed  iPLEX  design. 
However,  the  risk-associated  allele  was  highly  correlated  with  the  AA 
haplotype  of  two  genotyped  variants  on  the  iCOGS  array  (rs99 10051 
and  rs3764419).  This  haplotype  was  strongly  associated  with  ovarian 
cancer  risk  in  the  subset  of  samples  genotyped  using  the  iCOGS  array 
(BRCA2- OCAC  meta-analysis  P  =  8.6  x  10-8  for  this  haplotype  and 
P=  1.8  x  10-8  for  chrl7:29181220:I)  (Supplementary  Table  7). 

None  of  the  regions  contained  additional  SNPs  that  displayed  EOC 
associations  at  P  <  1  x  10-4  in  OCAC  samples,  BRCA1  mutation  car¬ 
riers  or  BRCA2  mutation  carriers  in  multi-variable  analyses  adjusted 
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Table  2  Associations  with  ovarian  cancer  subtypes  in  OCAC  samples  for  loci  associated  with  ovarian  cancer  at  P<  5  x  10~8  in  the 
meta-analysis 

All  histologies  Serous  Endometrioid  Clear  cell  Mucinous 


Locus 

lp36 

lp34.3 

4q26 

6p22.1 

9q34.2 
17ql  1.2 


rs  ID 

OR  (95%  Cl) 

P 

OR  (95%  Cl) 

P 

OR  (95%  Cl) 

P 

OR  (95%  Cl) 

P 

OR  (95%  Cl) 

P 

fWa 

rs56318008 

1.11 

8 

x  10“7 

1.12 

6 

x  10“6 

1.09 

0.05 

1.24 

5  x  10“4 

1.03 

0.65 

0.22 

(1.06-1.15) 

(1.06-1.17) 

(1.00-1.19) 

(1.10-1.39 

(0.91-1.17) 

rs58722170 

1.07 

2 

x  10-4 

1.12 

4 

x  10-7 

0.94 

0.16 

1.00 

0.98 

1.08 

0.17 

0.001 

(1.03-1.11) 

(1.07-1.17) 

(0.87-1.02) 

(0.89-1.12) 

(0.97-1.21) 

rsl7329882 

1.09 

3 

x  10“7 

1.11 

3 

x  10“7 

1.09 

0.020 

1.06 

0.26 

1.11 

0.06 

0.88 

(1.06-1.13) 

(1.07-1.16) 

(1.01-1.18) 

(0.96-1.18) 

(0.99-1.23) 

rsl  161331 10 

0.94 

9 

x  10“5 

0.91 

3 

x  10“7 

0.95 

0.16 

1.05 

0.34 

1.03 

0.53 

0.008 

(0.91-0.97) 

(0.87-0.94) 

(0.89-1.02) 

(0.95-1.15) 

(0.94-1.14) 

rs635634 

1.12 

9 

X  10“9 

1.13 

2 

x  10“7 

1.12 

0.007 

1.03 

0.58 

1.23 

3  x  10~4 

0.23 

(1.08-1.16) 

(1.08-1.18) 

(1.03-1.21) 

(0.92-1.16) 

(1.10-1.38) 

chrl7:29181 

0.90 

1 

x  lO-9 

0.90 

2 

x  10“7 

0.88 

5  x  10“4 

0.88 

0.020 

1.01 

0.84 

0.18 

220:1 

(0.87-0.93) 

(0.87-0.94) 

(0.82-0.95) 

(0.80-0.98) 

(0.91-1.12) 

aP  value  for  the  heterogeneity  in  associations  with  different  tumor  subtypes. 
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for  the  lead  SNP  in  each  region,  indicating  that  they  each  contain  only 
one  independent  set  of  correlated,  highly  associated  variants  (iCHAV s) . 
Relative  to  1000  Genomes  Project  data,  we  had  genotyped  or  imputed 
data  covering  9 1  %  of  the  genetic  variation  atlp36,84%of  the  variation 
at  lp34.3  and  83%  of  the  variation  at4q26.  The  other  three  new  loci  had 
coverage  of  less  than  80%  (Supplementary  Note).  There  was  evidence 
for  heterogeneity  at  P  <  0.05  in  the  associations  with  histological  sub- 
type  in  OCAC  samples  for  the  lead  SNPs  at  lp34.4  and  6p22.1  but  not 
for  the  lead  SNPs  at  lp36, 4q26, 9q34.2  and  1 7ql  1 .2  (Table  2). 

We  carried  out  a  competing  risks  association  analysis  in  BRCA1  and 
BRCA2  mutation  carriers  to  investigate  whether  these  loci  were  also 
associated  with  breast  cancer  risk  for  mutation  carriers  (Supplementary 
Note).  We  used  the  most  strongly  associated  genotyped  SNPs  for  this 
purpose  because  the  statistical  method  required  actual  genotypes18. 
The  HR  estimates  for  EOC  were  consistent  with  the  estimates  from  the 
main  analysis  for  all  SNPs  (Supplementary  Table  8).  None  of  the  SNPs 
displayed  associations  with  breast  cancer  risk  at  P  <  0.05. 

At  each  of  the  six  loci,  we  identified  a  set  of  SNPs  with  odds  of  less 
than  100  to  1  against  them  being  the  causal  variant;  most  were  in  non¬ 
coding  DNA  regions  (Supplementary  Table  9).  None  were  predicted 
to  have  likely  deleterious  functional  effects,  although  some  were  in 


or  near  chromatin  biofeatures  in  fallopian  tube  and  ovarian  epithe¬ 
lial  cells,  which  might  represent  the  functional  regulatory  targets  of 
the  risk-associated  SNPs  (Table  3  and  Supplementary  Table  10). 
We  also  evaluated  the  protein-coding  genes  in  each  region  for  their 
role  in  EOC  development  and  as  candidate  susceptibility  gene 
targets.  Molecular  profiling  data  from  496  high-grade  serous  ovarian 
cancers  (HGSOCs)  collected  by  The  Cancer  Genome  Atlas  (TCGA) 
indicated  frequent  loss  or  deletion  at  4  risk  loci  (lp36,  4q26,  9q34.2 
and  1 7ql  1 .2)  (Supplementary  Table  11).  Consistent  with  this  obser¬ 
vation,  the  expression  of  WNT4 ,  SYNP02  and  ABO  was  significantly 
downregulated  in  ovarian  tumors,  whereas  ATAD5  expression  was 
upregulated  (P  <  6  x  10-5,  HuEx  platform).  Somatic  coding- sequence 
mutations  in  the  six  genes  nearest  the  index  SNPs  were  rare.  We  per¬ 
formed  expression  quantitative  trait  locus  (eQTL)  analysis  in  a  series 
of  59  normal  ovarian  tissues  (Supplementary  Table  12)  to  evaluate 
the  gene  nearest  the  top  ranked  SNP  at  each  locus.  For  the  five  genes 
expressed  in  normal  cells,  we  found  no  statistically  significant  eQTL 
associations  for  any  of  the  putative  causal  SNPs  at  each  locus;  neither 
did  we  find  any  significant  tumor-eQTL  associations  for  these  genes 
based  on  data  from  TCGA  (Supplementary  Table  12).  At  the  lp36 
locus,  the  most  strongly  associated  variant,  rs56318008,  was  located 


Table  3  Summary  of  data  on  SNPs,  closest  gene  and  all  genes  in  a  1-Mb  region  for  each  locus 

Genes  in 

Known 

Number 

Number  of 

window  of 

Number  of 

Normal 

Significant  expression 

role  of 

of  genes 

Other  known 

putatively 

putatively 

SNPs  aligned 

eQTL  closest 

Tumor  DNA 

difference  in  tumor 

gene  in 

in  1-Mb 

cancer  genes 

Loci 

Position  of  top  SNP 

causal  SNPs 

causal  SNP 

with  biofeatures 

gene 

copy  number 

versus  normal0 

cancer 

region 

in  1-Mb  region 

lp36 

Promoter  region  of 

39 

WNT4, 

ii 

NS 

Loss 

Down 

Yes 

ii 

RAP1GAP, 

WNT4 

CDC42, 

LINC00339 

CDC42 

lp34.3 

Intron  3  of  RSPOl 

15 

RSPOl 

0 

NS 

Gain 

Yes 

22 

Cl  orfl  09, 

FHL3 

4q26 

Intron  3  of  SYNP02 

4 

SYNP02 

2 

NSb 

Loss 

Down 

Yes 

12 

None 

6p22.1 

Intron  1  of  GPX6 

22 

GPX6,  GPX5 

1 

NA 

Gain 

23 

ZKSCAN3, 

TRIM27 

9q34.2 

4.3  kb  upstream  of 

18 

ABO, 

1 

NS 

Loss 

Down 

Yes 

32 

TSC1, 

ABO 

SLC2A6 a 

RALGDS, 
RPL7A,  VAV2 

17ql  1.2 

Intron  6  of  ATAD5 

16 

ATAD5, 

TEFM, 

ADAP2, 

CRLF3, 

SUZ12P1 

0 

NS 

Loss 

Up 

Yes 

17 

NF1 

Proximal  promoter  regions  were  defined  as  the  regions  1  kb  upstream  of  the  transcription  start  site.  NA  indicates  no  expression  of  GPX6  in  normal  tissues.  NS,  not  significant. 
Biofeatures  are  defined  as  open  chromatin  H3K4me3  or  H3K27ac  marks  detected  in  normal  ovarian  and/or  fallopian  tube  cells. 

aThere  are  16  genes  in  this  region— ABO,  SURF6,  MED22,  RPL7A,  SN0RD24,  SNORD36B,  SN0RD36A ,  SNORD36C,  SURF1,  SURF2,  SURF4,  C9orf96,  REX04,  ADAMTS13,  CACFD1  and 
SLC2A6;  however,  all  SNPs  are  within  or  upstream  of  ABO  or  upstream  of  SLC2A6.  bTrend  P=  0.067.  CP<  6  x  10-5  with  the  HuEx  platform. 
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Figure  2  The  lp36  EOC  susceptibility 
locus,  (a)  The  Manhattan  plot  depicts 
the  strength  of  association  between  all 
imputed  and  genotyped  SNPs  across  the 
region  bound  by  hgl9  coordinates  chr.  1: 
21,922,893-22,991,643.  The  dotted  line 
represents  the  genome-wide  significance 
level  of  5  x  10-8.  Additional  tracks  show 
genes  and  enhancers  in  the  ovary  as  described 
in  Hnisz  et  al.38.  Positions  of  SNPs  for  which 
imputation  r2  <  0.3  and/or  minor  allele 
frequency  (MAF)  <  0.005  are  shown  in  the 
bottom  track  as  ‘untyped’  SNPs.  H3K27ac, 
acetylation  of  histone  H3  at  lysine  27; 

H3K4mel,  monomethylation  of  histone  H3  at 
lysine  4.  (b)  The  shaded  iCHAV  region  from  a  is 
shown,  depicting  the  genes  and  the  location 
of  the  WNT4  promoter  construct  as  a 
red  box.  Red  ticks  show  the  positions  of  the 
putative  causal  variants  following  likelihood 
ratio  testing.  Signals  from  formaldehyde- 
assisted  regulatory  element  sequencing 
(FAIRE-seq)  data  derived  from  ovarian 
cells  are  represented  by  black  marks, 
and  the  locations  of  predicted  CDC42 
enhancers38  are  represented  by  blue  boxes. 

The  positions  of  genotyped  SNPs  and  those 
that  were  neither  genotyped  nor  well  imputed 
(‘untyped’)  are  shown,  (c)  Normalized  luciferase  re 
constructs  in  iOSE4  cells.  Error  bars  represent  the 
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porter  activity  following  triplicate  transfections  of  wild-type  and  risk  haplotype  WNT4  promoter 
s.e.m.  from  three  independent  experiments. 


in  the  promoter  region  of  WNT4 ,  which  encodes  a  ligand  in  the  WNT 
signal  transduction  pathway,  critical  for  cell  proliferation  and  dif¬ 
ferentiation.  Using  a  luciferase  reporter  assay,  we  found  no  effect  of 
these  putatively  causal  SNPs  on  WNT4  transcription  in  iOSE4  nor¬ 
mal  ovarian  cells  (Fig.  2).  Some  of  the  putative  causal  SNPs  at  lp36 
were  located  in  CDC42  and  LINC00339,  and  several  were  in  putative 
regulatory  domains  in  ovarian  tissues  (Fig.  2  and  Supplementary 
Table  10).  CDC42  is  known  to  have  a  role  in  migration  and  signal¬ 
ing  in  ovarian  and  breast  cancers19,20.  SNPs  at  lp36  are  also  associ¬ 
ated  with  increased  risk  of  endometriosis,  and  WNT4 ,  CDC42  and 
LINC00339  have  all  been  implicated  in  endometriosis21,  a  known  risk 
factor  for  endometrioid  and  clear  cell  EOCs22. 

The  strongest  associated  variant  at  lq34,  rs58722170,  was  located  in 
RSPOl,  which  encodes  R-spondin  1,  a  protein  involved  in  cell  prolif¬ 
eration  (Supplementary  Fig.  6).  RSPOl  is  important  in  tumorigenesis 
and  early  ovarian  development23,24,  and  it  regulates  WNT4  expres¬ 
sion  in  the  ovaries25.  SYNP02  at  4q26  encodes  myopodin,  which  is 
involved  in  cell  motility  and  growth26  and  has  a  reported  tumor- 
suppressor  role27-30.  rs635634  is  located  upstream  of  the  ABO  gene 
(Supplementary  Fig.  7).  A  moderately  correlated  variant  (rs505922; 
r2  =  0.52)  determines  ABO  blood  group  and  is  associated  with 
increased  risk  of  pancreatic  cancer31,32.  Previous  studies  in  OCAC 
also  showed  a  modestly  increased  risk  of  EOC  for  individuals  with 
the  A  blood  group33.  The  moderate  correlation  between  rs635634  and 
rs505922  and  the  considerably  weaker  EOC  association  of  rs505922 
(P  =  1.2  x  10-5)  suggest  that  the  association  with  blood  group  is  prob¬ 
ably  not  driving  the  risk  association.  The  indel  chrl7:29181220:I 
at  1 7ql  1 .2  is  located  in  ATAD5,  which  acts  as  a  tumor-suppressor 
gene34-36  (Supplementary  Fig.  8).  ATAD5  protein  modulates  the 
interaction  between  RAD9A  and  BCL2  to  induce  DNA  damage- 
related  apoptosis.  Finally,  rsl  161331 10,  at  6p22.1,  lies  in  GPX6,  which 
has  no  known  role  in  cancer. 

The  6  new  loci  reported  in  this  study  increase  the  number  of 
genome-wide  significant  common  variant  loci  so  far  identified  for 


EOC  to  18.  Taken  together,  these  loci  explain  approximately  3.9% 
of  the  excess  familial  relative  risk  of  EOC  in  the  general  population 
and  account  for  approximately  5.2%  of  the  polygenic  modifying  vari¬ 
ance  for  EOC  in  BRCA1  mutation  carriers  and  9.3%  of  the  variance 
in  BRCA2  mutation  carriers.  The  similarity  in  the  magnitude  of  the 
associations  between  BRCA1  and  BRCA2  mutation  carriers  and  cases 
from  population-based  studies  suggests  a  general  model  of  suscep¬ 
tibility  whereby  BRCA1  and  BRCA2  mutations  and  common  alleles 
interact  multiplicatively  on  the  relative  risk  scale  for  EOC37.  This 
model  predicts  large  differences  in  absolute  EOC  risk  between  indi¬ 
viduals  carrying  many  risk-associated  alleles  and  individuals  carrying 
few  alleles  for  EOC  susceptibility  in  BRCA1  and  BRCA2  mutation  car¬ 
riers13,16.  Incorporating  EOC  susceptibility  variants  into  risk  assess¬ 
ment  tools  will  improve  risk  prediction  and  might  be  particularly 
useful  for  BRCA1  and  BRCA2  mutation  carriers. 

URLs.  Nature  Publishing  Group,  Nature  Genetics- iCOGS,  http:// 
www.nature.com/icogs/;  The  Cancer  Genome  Atlas  (TCGA)  Project, 
http://cancergenome.nih.gov/;  cBio  Cancer  Genomics  Portal,  http:// 
www.cbioportal.org/;  Pupasuite  3.1,  http://pupasuite.bioinfo.cipf.es/; 
CIMBA  quality  control  guidelines,  http://ccge.medschl.cam.ac.uk/ 
consortia/cimba/members/data%20management/CIMBA%20and 
%20BCAC%20Quality%20Control%20November%202008%20v2. 
doc;  R  software,  http://www.r-project.org/. 

METHODS 

Methods  and  any  associated  references  are  available  in  the  online 
version  of  the  paper. 

Note:  Any  Supplementary  Information  and  Source  Datafiles  are  available  in  the 
online  version  of  the  paper. 
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ONLINE  METHODS 

Study  populations.  We  obtained  data  on  BRCA1  and  BRCA2  mutation  car¬ 
riers  through  CIMBA.  Eligibility  in  CIMBA  is  restricted  to  females  18  years 
or  older  with  pathogenic  mutations  in  BRCA1  or  BRCA2.  The  majority  of  the 
participants  were  sampled  through  cancer  genetics  clinics15,  including  some 
related  participants.  Fifty-four  studies  from  27  countries  contributed  data. 
After  quality  control,  data  were  available  on  15,252  BRCA1  mutation  carriers 
and  8,21 1  BRCA2  mutation  carriers,  of  whom  2,462  and  631,  respectively,  were 
affected  with  EOC  (Supplementary  Table  1). 

Data  were  available  for  stage  1  of  three  population-based  EOC  GWAS. 
These  included  2,165  cases  and  2,564  controls  from  a  GWAS  from  North 
America  (‘US  GWAS’)39,  1,762  cases  and  6,118  controls  from  a  UK-based 
GWAS  (‘UK  GWAS’)6,  and  441  cases  and  441  controls  from  the  Mayo  GWAS. 
Furthermore,  11,069  cases  and  21,722  controls  were  genotyped  using  the 
iCOGS  array  (‘OCAC-iCOGS’  stage  data).  Overall,  43  studies  from  11  coun¬ 
tries  provided  data  on  15,437  women  diagnosed  with  invasive  EOC,  9,627  of 
whom  were  diagnosed  with  serous  EOC,  and  30,845  controls  from  the  general 
population. 

All  subjects  included  in  this  analysis  were  of  European  descent  and  provided 
written  informed  consent  as  well  as  data  and  blood  samples  under  ethically 
approved  protocols.  Further  details  of  the  OCAC  and  CIMBA  study  popula¬ 
tions  as  well  as  the  genotyping,  quality  control  and  statistical  analyses  have 
been  described  elsewhere7,13,16. 

Genotype  data.  Genotyping  and  imputation  details  for  each  study  are  shown 

in  Supplementary  Table  1. 

Confirmatory  genotyping  of  imputed  SNPs.  To  evaluate  the  accuracy  of 
imputation  for  the  SNPs  we  found  to  be  associated  with  EOC  risk,  we  geno¬ 
typed  rsl7329882  (4q26)  and  rs635634  (9q34.2)  in  a  subset  of  3,541  subjects 
from  CIMBA  using  Sequenon’s  iPLEX  technology.  The  lead  SNP  at  17qll.2, 
chr  17:29 18 1220:1,  failed  iPLEX  design.  We  performed  quality  control  of  the 
iPLEX  data  according  to  CIMBA  guidelines.  After  quality  control,  we  used  the 
imputation  results  to  generate  the  expected  allele  dosage  for  each  genotyped 
sample  and  computed  the  Pearson  product-moment  correlation  coefficient 
between  the  expected  allele  dosage  and  the  observed  genotype.  The  squared 
correlation  coefficient  was  compared  to  the  imputation  accuracy  as  estimated 
from  the  imputation. 

Quality  control  of  GWAS  and  iCOGS  genotyping  data.  We  carried  out  qual¬ 
ity  control  separately  for  BRCA1  mutation  carriers,  BRCA2  mutation  carriers, 
the  three  OCAC  GWAS  and  the  OCAC-iCOGS  samples,  but  quality  criteria 
were  mostly  consistent  across  studies.  We  excluded  samples  if  they  were  not  of 
European  ancestry,  if  they  had  a  genotyping  call  rate  of  <95%,  if  they  showed 
low  or  high  heterozygosity,  if  they  were  not  female  or  had  ambiguous  sex  or 
if  they  were  duplicates  (cryptic  or  intended).  In  the  OCAC  studies,  one  indi¬ 
vidual  was  excluded  from  each  pair  of  samples  found  to  be  first-degree  rela¬ 
tives,  and  duplicate  samples  between  the  iCOGS  stage  and  any  of  the  GWAS 
were  excluded  from  the  iCOGS  data.  SNPs  were  excluded  if  they  were  mono- 
morphic,  had  a  call  rate  of  <  95%,  showed  evidence  of  deviation  from  Hardy  - 
Weinberg  equilibrium  or  had  low  concordance  between  duplicate  pairs.  For 
the  Mayo  GWAS  and  the  UK  GWAS,  we  also  excluded  rare  SNPs  (MAF  <1% 
or  allele  count  <  5,  respectively).  We  visually  inspected  genotype  cluster  plots 
for  all  SNPs  with  association  P  <  lx  10-5  from  each  of  the  newly  identified 
loci.  We  used  the  R  GenABEL  library  version  1.6.7  for  quality  control. 

Genotype  data  were  available  for  analysis  from  iCOGS  for  199,526  SNPs 
in  OCAC-iCOGS  samples,  200,720  SNPs  in  BRCA1  mutation  carriers  and 
200,908  SNPs  in  BRCA2  mutation  carriers.  After  quality  control,  for  the 
GWAS,  data  were  available  on  492,956  SNPs  for  the  US  GWAS,  543,529  SNPs 
for  the  UK  GWAS  and  1,587,051  SNPs  for  the  Mayo  GWAS  (Supplementary 
Table  2). 

Imputation.  We  performed  imputation  separately  for  BRCA1  mutation  carri¬ 
ers,  BRCA2  mutation  carriers,  OCAC-iCOGS  samples  and  each  of  the  OCAC 
GWAS.  We  imputed  variants  from  1000  Genomes  Project  data  using  the  v3 
April  2012  release17  as  the  reference  panel.  For  OCAC-iCOGS  samples,  the 
UK  GWAS  and  the  Mayo  GWAS,  imputation  was  based  on  the  1000  Genomes 


Project  data  with  singleton  sites  removed.  To  improve  computation  efficiency, 
we  initially  used  a  two-step  procedure,  which  involved  pre-phasing  in  the  first 
step  and  imputation  of  the  phased  data  in  the  second  step.  We  carried  out 
pre-phasing  using  SHAPEIT  software40.  We  used  IMPUTE  version  2  software 
for  the  subsequent  imputation41  for  all  studies  with  the  exception  of  the  US 
GWAS,  for  which  the  MACH  algorithm  implemented  in  Minimac  software 
version  2012.8.15,  MACH  version  1.0.18,  was  used.  To  perform  imputation, 
we  divided  the  data  into  segments  of  approximately  5  Mb  each.  We  excluded 
SNPs  from  the  association  analysis  if  their  imputation  accuracy  was  r2  <  0.3, 
their  MAF  was  <0.005  in  BRCA1  or  BRCA2  mutation  carriers  or  their  accu¬ 
racy  was  r2  <  0.25  in  OCAC-iCOGS  samples,  the  UK  GWAS,  the  US  GWAS 
or  the  Mayo  GWAS. 

We  performed  more  accurate  imputation  for  the  regions  around  the  new 
EOC  loci  from  the  joint  analysis  of  the  data  from  BRCA1  and  BRCA2  mutation 
carriers  and  the  general  population  (any  SNP  with  association  P  <  5  x  10-8). 
The  boundaries  of  these  regions  were  set  500  kb  away  from  any  significantly 
associated  SNP  in  the  region.  As  in  the  first  run,  1000  Genomes  Project  data 
v3  were  used  as  the  reference  panel,  and  IMPUTE2  software  was  applied. 
However,  for  the  second  round  of  imputation,  we  imputed  genotypes  without 
pre-phasing  to  improve  accuracy.  To  further  increase  imputation  accuracy,  we 
changed  some  of  the  default  parameters  in  the  imputation  procedure.  These 
included  an  increase  in  the  MCMC  iterations  to  90  (out  of  which  the  first 
15  were  used  as  burn-in),  an  increase  in  the  buffer  region  to  500  kb  and  an 
increase  in  the  number  of  haplotypes  used  as  templates  when  phasing  observed 
genotypes  to  100.  These  changes  were  applied  consistently  for  all  data  sets. 

Statistical  analyses.  Association  analyses  in  the  unselected  ovarian  cancer  cases 
and  controls  from  OCAC.  We  evaluated  the  association  between  genotype  and 
disease  using  logistic  regression  by  estimating  the  associations  with  each  addi¬ 
tional  copy  of  the  minor  allele  (log-additive  models).  The  analysis  was  adjusted 
for  study  and  for  population  substructure  by  including  the  eigenvectors  of  the 
first  five  ancestry- specific  principal  components  as  covariates  in  the  model. 
We  used  the  same  approach  to  evaluate  SNP  associations  with  serous  ovarian 
cancer  after  excluding  all  cases  with  any  other  or  unknown  tumor  subtype.  For 
imputed  SNPs,  we  used  expected  dosages  in  the  logistic  regression  model  to 
estimate  SNP  effect  sizes  and  P  values.  We  carried  out  analyses  separately  for 
OCAC-iCOGS  samples  and  the  three  GWAS  and  pooled  data  thereafter  using  a 
fixed-effects  meta-analysis.  We  carried  out  the  analysis  of  reimputed  genotypes 
for  putative  new  susceptibility  loci  jointly  for  the  OCAC-iCOGS  samples  and 
the  GWAS  samples.  All  results  are  based  on  the  combined  data  from  iCOGS 
and  the  three  GWAS.  We  used  custom  written  software  for  the  analysis. 

Associations  in  BRCA1  and  BRCA2  mutation  carriers  from  CIMBA.  We 
carried  out  the  ovarian  cancer  association  analyses  separately  for  BRCA1 
and  BRCA2  mutation  carriers.  The  primary  analysis  was  carried  out  within 
a  survival  analysis  framework,  with  time  to  ovarian  cancer  diagnosis  as  the 
endpoint.  Mutation  carriers  were  followed  until  the  age  of  ovarian  cancer 
diagnosis  or  risk-reducing  salpingo-oophorectomy  (RRSO)  or  to  the  age  at 
last  observation.  Breast  cancer  diagnosis  was  not  considered  to  be  a  censoring 
event.  To  account  for  the  non-random  sampling  of  BRCA1  and  BRCA2  muta¬ 
tion  carriers  with  respect  to  their  disease  status,  we  conducted  the  analyses  by 
modeling  the  retrospective  likelihood  of  the  observed  genotypes  conditional 
on  the  disease  phenotype18.  We  assessed  the  associations  between  genotype 
and  risk  of  ovarian  cancer  using  the  1-degree-of-freedom  score  test  statistic 
based  on  retrospective  likelihood18,42.  To  account  for  the  non-independence 
among  related  individuals  in  the  sample,  we  used  an  adjusted  version  of  the 
score  test  statistic,  which  uses  a  kinship -adjusted  variance  of  the  score43.  We 
evaluated  associations  between  imputed  genotypes  and  ovarian  cancer  risk 
using  a  version  of  the  score  test  as  described  above  but  with  the  posterior 
genotype  probabilities  replacing  the  genotypes.  All  analyses  were  stratified 
by  the  country  of  origin  of  the  samples. 

We  carried  out  retrospective  likelihood  analyses  in  CIMBA  using  custom 
written  functions  in  Fortran  and  Python.  The  score  test  statistic  was  imple¬ 
mented  in  R  version  3.0.1  (ref.  44). 

We  evaluated  whether  there  was  evidence  for  multiple  independent 
association  signals  in  the  region  around  each  newly  identified  locus 
by  evaluating  the  associations  of  genetic  variants  in  the  region  while 
adjusting  for  the  SNP  with  the  smallest  meta-analysis  P  value  in  the 
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respective  region.  This  was  done  separately  for  BRCA1  mutation  carriers, 
BRCA2  mutation  carriers  and  OCAC  samples. 

For  one  of  the  new  associations,  it  was  not  possible  to  confirm  the  imputa¬ 
tion  accuracy  of  the  lead  SNP  chrl  7:29 18 1220:1  at  17qll.2  through  genotyp- 
ing.  Therefore,  we  inferred  two-allele  haplotypes  for  rs9910051  and  rs3764419, 
highly  correlated  with  the  lead  SNP  (r2  =  0.95),  using  an  in-house  program. 
These  variants  were  genotyped  on  the  iCOGS  array,  and  this  analysis  was 
therefore  restricted  to  14,733  ovarian  cancer  cases  and  9,165  controls  from 
OCAC-COGS  and  8,185  BRCA2  mutation  carriers  for  whom  genotypes  were 
available  for  both  variants  based  on  iCOGS.  The  association  between  the  AA 
haplotype  and  risk  was  tested  using  logistic  regression  in  OCAC  samples  and 
using  Cox  regression  in  BRCA2  mutation  carriers. 

Meta- analysis.  We  conducted  a  meta-analysis  of  the  EOC  associations  in 
BRCA1  mutation  carriers,  BRCA2  mutation  carriers  and  the  general  popula¬ 
tion  for  genotyped  and  imputed  SNPs  using  an  inverse  variance  approach 
assuming  fixed  effects.  We  combined  the  logarithm  of  the  per-allele  HR  esti¬ 
mate  for  the  association  with  EOC  risk  in  BRCA1  and  BRCA2  mutation  car¬ 
riers  and  the  logarithm  of  the  per-allele  OR  estimate  for  the  association  with 
disease  status  in  OCAC.  For  associations  in  BRCA1  and  BRCA2  carriers,  we 
used  the  kinship-adjusted  variance  estimator43,  which  allows  for  the  inclusion 
of  related  individuals  in  the  analysis.  We  only  used  SNPs  with  results  in  OCAC 
and  in  at  least  one  of  the  BRCA1  or  the  BRCA2  analyses.  We  carried  out  two 
separate  meta- analyses,  one  for  the  associations  with  EOC  in  BRCA1  mutation 
carriers,  BRCA2  mutation  carriers  and  EOC  samples  in  OCAC,  irrespective 
of  tumor  histological  subtype,  and  a  second  using  only  the  associations  with 
serous  EOC  in  OCAC  samples.  The  number  of  BRCA1  and  BRCA2  mutation 
carriers  with  tumor  histology  information  was  too  small  to  allow  for  subgroup 
analyses.  However,  previous  studies  have  demonstrated  that  the  majority  of 
EOCs  in  BRCA1  and  BRCA2  mutation  carriers  are  high-grade  serous45-49. 
Meta-analyses  were  carried  out  using  Metal  software,  2011-03-25  release50. 

Candidate  causal  SNPs  in  each  susceptibility  region.  To  identify  a  set  of 
potentially  causal  variants,  we  excluded  SNPs  with  a  likelihood  of  being  causal 
of  less  than  1:100,  by  comparing  the  likelihood  of  each  SNP  from  the  asso¬ 
ciation  analysis  with  the  likelihood  of  the  most  strongly  associated  SNPs51. 
The  remaining  variants  were  then  analyzed  using  Pupasuite  3.1  to  identify 
potentially  functional  variants52,53  (Supplementary  Table  9). 

Functional  analysis.  Expression  quantitative  trait  locus  analysis  in  normal 
ovarian  and  fallopian  tube  cells.  Early-passage  primary  normal  ovarian  sur¬ 
face  epithelial  cells  (OSECs)  and  fallopian  tube  epithelial  cells  were  collected 
from  disease-free  ovaries  and  fallopian  tubes.  Normal  ovarian  epithelial  cells 
were  collected  by  brushing  the  surface  of  the  ovary  with  a  sterile  cytobrush 
and  were  cultured  in  NOSE- CM54.  Fallopian  tube  epithelial  cells  were  collected 
by  Pronase  digestion  as  previously  described55,  plated  onto  collagen-coated 
plastics  (Sigma)  and  cultured  in  DMEM/F12  (Sigma- Aldrich)  supplemented 
with  2%  Ultroser  G  (BioSepra)  and  lx  penicillin-streptomycin  (Lonza). 
By  the  time  of  RNA  isolation,  the  fallopian  tube  cultures  tested  consisted  of 
PAX8-positive  fallopian  tube  secretory  epithelial  cells  (FTSECs),  consistent 
with  previous  observations  that  ciliated  epithelial  cells  from  the  fallopian  tube 
do  not  proliferate  in  vitro.  Cell  lines  were  routinely  tested  for  mycoplasma. 

For  gene  expression  analysis,  RNA  was  isolated  from  59  early-passage  sam¬ 
ples:  54  OSECs  and  5  FTSECs  from  cell  cultures  collected  at  -80%  confluency 
using  the  Qiagen  miRNAeasy  kit  with  on-column  DNase  I  digestion.  RNA 
(500  ng)  was  reverse  transcribed  using  the  Superscript  III  kit  (Life  Technologies). 
We  preamplified  10  ng  of  cDNA  using  TaqMan  Preamp  Mastermix;  the  result¬ 
ing  product  was  diluted  1:60  and  used  to  quantify  gene  expression  with  the 
following  TaqMan  gene  expression  probes:  WNT4,  Hs01573504_ml;  RSPOl, 
Hs00543475_ml;  SYNP02 ,  Hs00326493_ml;  ATAD5 ,  Hs00227495_ml; 
and  GPX6,  Hs00699698_ml.  Four  control  genes  were  also  included:  ACTB, 
Hs00357333_gl;  GAPDH,  Hs02758991_gl;  HMBS,  Hs00609293_gl;  and 
HPRT1,  Hs02800695_ml  (all  Life  Technologies).  Assays  were  run  on  an  ABI 
7900HT  Fast  Real-Time  PCR  system  (Life  Technologies). 

Data  analysis.  Expression  levels  for  each  gene  were  normalized  to  the 
average  of  all  four  control  genes.  Relative  expression  levels  were  calculated 
using  the  AAQ  method.  Genotyping  was  performed  on  the  iCOGS  chips, 
as  described  above.  Where  genotyping  data  were  not  available  for  the  most 


risk-associated  SNP,  the  next  most  significant  SNP  was  used:  rs3820282  at 
lp36,  rsl2023270  at  lp34.3,  rs752097  at  4q26,  rs445870  at  6p22.1,  rs505922 
at  9q34.2  and  rs3764419  at  17qll.2.  Correlations  between  genotype  and  gene 
expression  were  calculated  in  R.  Genotype-specific  gene  expression  in  normal 
tissue  cell  lines  (eQTL  analysis)  was  compared  using  the  Jonckheere-Terpstra 
test.  Data  were  normalized  to  the  four  control  genes,  and  we  tested  for  eQTL 
associations,  grouping  OSECs  and  FTSECs  together.  Second,  OSECs  were 
analyzed  alone.  eQTL  analyses  were  performed  using  three  genotype  groups 
or  two  groups  (with  the  rare  homozygote  samples  grouped  together  with  the 
heterozygote  samples). 

eQTL  analysis  in  primary  ovarian  tumors.  eQTL  analysis  in  primary  tumors 
was  based  on  publicly  available  data  from  the  TCGA  Project,  which  included 
489  primary  HGSOCs.  The  methods  have  been  described  elsewhere56.  Briefly, 
we  determined  the  ancestry  for  each  case  on  the  basis  of  germline  genotype 
data  using  EIGENSTRAT  software  with  415  HapMap  genotype  profiles  as  a 
control  set.  Only  populations  of  northern  and  western  European  ancestry  were 
included.  We  first  performed  a  cis- eQTL  analyses  using  a  method  we  described 
previously,  in  which  the  association  between  906,600  germline  genotypes  and 
the  expression  levels  of  mRNA  or  miRNA  (located  within  500  kb  on  either  side 
of  the  variant)  were  evaluated  using  a  linear  regression  model  with  the  effects 
of  somatic  copy  number  and  CpG  methylation  being  deducted.  (For  miRNA 
expression,  the  effect  of  CpG  methylation  was  not  adjusted  for  because  these 
data  were  not  available.)  To  correct  for  multiple  tests,  we  adjusted  the  test 
Rvalues  using  the  Benjamini-Hochberg  method.  A  significant  association  was 
defined  by  a  false  discovery  rate  (FDR)  of  <0.1. 

Having  established  genome-wide  cfs-eQTL  associations  in  this  series  of 
tumors,  we  then  evaluated  ds-eQTL  associations  for  the  top  risk  associations 
between  each  of  the  six  new  loci  and  the  gene  in  closest  proximity  to  the  risk  SNP. 
For  each  risk  locus,  we  retrieved  the  genotype  of  all  SNPs  in  ovarian  cancer  cases 
on  the  basis  of  the  Affymetrix  6.0  array.  Using  these  genotypes  and  the  IMPUTE2 
March  2012  1000  Genomes  Project  Phase  I  integrated  variant  cosmopolitan 
reference  panel  of  1,092  individuals  (haplotypes  were  phased  via  SHAPEIT), 
we  imputed  the  genotypes  of  SNPs  in  the  1000  Genomes  Project  in  the  target 
regions  for  TCGA  samples57.  For  each  risk  locus  where  data  for  the  most  risk- 
associated  variant  were  not  available,  we  retrieved  the  imputed  variants  tightly 
correlated  with  the  most  risk- associated  variant.  We  then  tested  for  association 
between  imputed  SNPs  and  gene  expression  using  the  linear  regression  algorithm 
described  above,  where  each  imputed  SNP  was  coded  as  an  expected  allele  count. 
Again,  significant  associations  were  defined  by  an  FDR  of  <0.1. 

Regulatory  profiling  of  normal  ovarian  cancer  precursor  tissues.  We  performed 
genome-wide  FAIRE  and  chromatin  immunoprecipitation  with  sequencing 
(ChIP-seq)  for  H3K27ac  and  H3K4me  in  two  normal  OSECs,  two  normal 
FTSECs  and  two  HGSOC  cell  lines  (UWB1.289  and  CAOV3)  (S.C.,  H.S.,  D.H., 
K.L.  and  K.B.K.  et  al,  unpublished  data).  Cell  lines  were  routinely  tested  for 
mycoplasma.  These  data  sets  annotate  the  epigenetic  signatures  of  open  chro¬ 
matin  and  collectively  indicate  transcriptional  enhancer  regions.  We  analyzed 
the  FAIRE-seq  and  ChIP-seq  data  sets  and  publically  available  genomic  data 
on  promoter  and  UTR  domains,  intron-exon  boundaries  and  the  positions  of 
noncoding  RNA  transcripts  to  identify  SNPs  from  the  100:1  likely  causal  set  that 
aligned  with  biofeatures  that  might  provide  evidence  of  SNP  functionality. 

Candidate  gene  analysis  using  genome-wide  profiling  of  primary  ovarian 
cancers.  Data  sets:  the  TCGA  Project  and  COSMIC  data  sets.  TCGA  has  per¬ 
formed  extensive  genomic  analysis  of  tumors  from  a  large  number  of  tissue 
types,  including  almost  500  high-grade  serous  ovarian  tumors.  These  data 
include  somatic  mutations,  DNA  copy  number,  mRNA  and  miRNA  expres¬ 
sion,  and  DNA  methylation.  COSMIC  is  the  catalog  of  somatic  mutations  in 
cancer  that  collates  information  on  mutations  in  tumors  from  the  published 
literature58.  They  have  also  identified  the  Cancer  Gene  Census,  which  is  a  list 
of  genes  known  to  be  involved  in  cancer.  Data  are  available  on  a  large  number 
of  tissue  types,  including  2,809  epithelial  ovarian  tumors. 

Somatic  coding  sequence  mutations.  We  analyzed  all  genes  for  coding  somatic 
sequence  mutations  generated  from  either  whole-exome  or  whole-genome 
sequencing.  In  TCGA,  whole-exome  sequencing  data  were  available  for  316 
high-grade  serous  EOC  cases.  In  addition,  we  determined  whether  mutations 
had  been  reported  in  COSMIC58  and  whether  the  gene  was  a  known  cancer 
gene  in  the  Sanger  Cancer  Gene  Census. 
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mRNA  expression  in  tumor  and  normal  tissue.  Normalized  and  gene  expres¬ 
sion  values  (level  3)  from  gene  expression  profiling  data  were  obtained  from 
the  TCGA  data  portal  for  three  different  platforms  (Agilent,  Affymetrix  HuEx 
and  Affymetrix  U133A).  We  analyzed  only  the  489  primary  serous  ovarian 
tumor  samples  included  in  the  final  clustering  analysis57  and  8  normal  fal¬ 
lopian  tube  samples.  The  boxplot  function  in  R  was  used  to  compare  ovarian 
tumor  samples  to  the  fallopian  tube  samples  for  91  coding  genes  with  expres¬ 
sion  data  on  any  platform  within  a  1-Mb  region  around  the  most  significant 
SNP  at  the  6  loci.  A  difference  in  relative  expression  between  EOC  samples  and 
normal  tissue  was  analyzed  using  the  Wilcoxon  rank- sum  test. 

DNA  copy  number  analysis.  Serous  EOC  samples  for  481  tumors  with 
log2  copy  number  data  were  analyzed  using  the  cBio  Portal  for  the  analysis 
of  TCGA  data59,60.  For  each  gene  in  a  region,  the  classes  of  copy  number; 
homozygous  deletion,  heterozygous  loss,  diploid,  gain  and  amplification  were 
queried  individually  using  the  advanced  onco  query  language  (OQL)  option. 
At  a  region,  the  frequency  of  gain  and  amplification  were  combined  as  gain’, 
and  homozygous  deletion  and  heterozygous  loss  were  combined  as  ‘loss’. 

Analysis  of  copy  number  versus  mRNA  expression.  Serous  EOC  samples  for 
316  complete  tumors  (those  with  CNA,  mRNA  and  sequencing  data)  were 
analyzed.  Graphs  were  generated  using  the  cBio  Portal  for  the  analysis  of 
TCGA  data,  and  the  settings  were  mRNA  expression  data  z  score  (all  genes) 
with  a  z-score  threshold  of  2  (default  setting)  and  putative  CNAs  (GISTIC). 
The  z  score  was  the  number  of  s.d.  away  from  the  mean  of  expression  in  the 
reference  population.  GISTIC  is  an  algorithm  that  attempts  to  identify  signifi¬ 
cantly  altered  regions  of  amplification  or  deletion  across  sets  of  patients. 

Luciferase  reporter  assays.  The  putative  causal  SNPs  at  the  lp36  locus  lie  in 
the  WNT4  promoter,  and  we  therefore  tested  their  effect  on  transcription  in 
a  luciferase  reporter  assay  (Fig.  2d).  Wild-type  and  risk  haplotype  (compris¬ 
ing  five  correlated  variants)  sequences  corresponding  to  the  region  bound  by 
hgl9  coordinates  chr.  1:  22,469,416-22,470,869  were  generated  by  Custom 
Gene  Synthesis  (GenScript)  and  then  subcloned  into  pGL3-basic  (Promega). 
Equimolar  amounts  of  luciferase  constructs  (800  ng)  and  pRL-TK  Renilla 
(50  ng)  were  cotransfected  into  ~8  x  104  iOSE4  (ref.  61)  normal  ovarian  cells  in 
triplicate  wells  of  24- well  plates  using  Lipofectamine  2000  (Life  Technologies). 
Independent  transfections  were  repeated  three  times.  The  Dual-Glo  Luciferase 
Assay  kit  (Promega)  was  used  to  assay  luciferase  activity  24  h  after  trans¬ 
fection  using  a  BioTek  Synergy  H4  plate  reader.  Statistical  significance  was 
tested  by  log  transforming  the  data  and  performing  two-way  ANOVA,  fol¬ 
lowed  by  Dunnett’s  multiple-comparisons  test  in  GraphPad  Prism.  The  iOSE4 
cell  line  (derived  by  K.  Lawrenson)  was  maintained  under  standard  condi¬ 
tions;  it  was  routinely  tested  for  mycoplasma  and  underwent  short  tandem 
repeat  profiling. 
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Association  of  Type  and  Location  of  BRCA1  and  BRCA2 
Mutations  With  Risk  of  Breast  and  Ovarian  Cancer 


Timothy  R.  Rebbeck,  PhD;  Nandita  Mitra,  PhD;  Fei  Wan,  MS;  Olga  M.  Sinilnikova,  PhD*;  Sue  Healey; 
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IMPORTANCE  Limited  information  about  the  relationship  between  specific  mutations  in 
BRCA1  or  BRCA2  (BRCA1/2)  and  cancer  risk  exists. 

OBJECTIVE  To  identify  mutation-specific  cancer  risks  for  carriers  of  BRCA1/2. 

DESIGN.  SETTING.  AND  PARTICIPANTS  Observational  study  of  women  who  were  ascertained 
between  1937  and  2011  (median,  1999)  and  found  to  carry  disease-associated  BRCA1  or 
BRCA2  mutations.  The  international  sample  comprised  19  581  carriers  of  BRCA1  mutations 
and  11  900  carriers  of  BRCA2  mutations  from  55  centers  in  33  countries  on  6  continents.  We 
estimated  hazard  ratios  for  breast  and  ovarian  cancer  based  on  mutation  type,  function,  and 
nucleotide  position.  We  also  estimated  RHR,  the  ratio  of  breast  vs  ovarian  cancer  hazard 
ratios.  A  value  of  RHR  greater  than  1  indicated  elevated  breast  cancer  risk;  a  value  of  RHR  less 
than  1  indicated  elevated  ovarian  cancer  risk. 

EXPOSURES  Mutations  of  BRCA1  or  BRCA2. 

MAIN  OUTCOMES  AND  MEASURES  Breast  and  ovarian  cancer  risks. 


[J  Supplemental  content  at 

jama.com 

CMEQuizat 

jamanetworkcme.com  and 

CME  Questions  page  1368 


RESULTS  Among  BRCA1  mutation  carriers,  9052  women  (46%)  were  diagnosed  with  breast 
cancer,  2317  (12%)  with  ovarian  cancer,  1041  (5%)  with  breast  and  ovarian  cancer,  and  7171 
(37%)  without  cancer.  Among  BRCA2  mutation  carriers,  6180  women  (52%)  were  diagnosed 
with  breast  cancer,  682  (6%)  with  ovarian  cancer,  272  (2%)  with  breast  and  ovarian  cancer, 
and  4766  (40%)  without  cancer.  In  BRCA1,  we  identified  3  breast  cancer  cluster  regions 
(BCCRs)  located  at  c.179  to  c.505  (BCCR1;  RHR  =  1.46;  95%  Cl.  1.22-1.74;  P  =  2*  1CT6),  c.4328 
to  c.4945  (BCCR2;  RHR  =  1.34;  95%  Cl,  1.01-1.78;  P  =  .04),  and  c.  5261  to  c.5563  (BCCR2', 

RHR  =  1.38;  95%  Cl,  1.22-1.55;  P  =  6  x  10“9).  We  also  identified  an  ovarian  cancer  cluster 
region  (OCCR)  from  c.1380  to  c.4062  (approximately  exon  11)  with  RHR  =  0.62  (95%  Cl, 
0.56-0.70;  P  =  9  x  10~17).  In  BRCA2,  we  observed  multiple  BCCRs  spanning  c.1  to  c.596 
(BCCR1;  RHR  =  1.71;  95%  Cl,  1.06-2.78;  P  =  .03).  C.772  to  c.1806  (BCCRV;  RHR  =  1.63;  95%  Cl. 
1.10-2.40;  P  =  .01).  and  c.7394  to  c.8904  (BCCR2;  RHR  =  2.31;  95%  Cl,  1.69-3.16; 

P  =  .00002).  We  also  identified  3  OCCRs:  the  first  (OCCR1)  spanned  c.3249  to  c.5681  that 
was  adjacent  to  c.5946delT  (6174delT;  RHR  =  0.51;  95%  Cl,  0.44-0.60;  P  =  6  x  1CT17).  The 
second  OCCR  spanned  c.6645  to  c.7471  (OCCR2;  RHR  =  0.57;  95%  Cl.  0.41-0.80;  P  =  .001). 
Mutations  conferring  nonsense-mediated  decay  were  associated  with  differential  breast  or 
ovarian  cancer  risks  and  an  earlier  age  of  breast  cancer  diagnosis  for  both  BRCA1  and  BRCA2 
mutation  carriers. 

CONCLUSIONS  and  relevance  Breast  and  ovarian  cancer  risks  varied  by  type  and  location  of 
BRCA1/2  mutations.  With  appropriate  validation,  these  data  may  have  implications  for  risk 
assessment  and  cancer  prevention  decision  making  for  carriers  of  BRCA1  and  BRCA2 
mutations. 
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BRCA1/2  Mutations  and  Risk  of  Breast  and  Ovarian  Cancer 


Women  who  have  inherited  mutations  in  BRCAl 
(I7q2l,  chromosome  17:  base  pairs  43,044,294  to 
43,125,482)  or  BRCA2  (I3ql2.3,  chromosome  13:  base 
pairs  32,315,479  to  32,399,671)  have  an  increased  risk  of  breast 
and  ovarian  cancers.1,2  Little  is  known  about  how  cancer  risks 
differ  by  BRCAl  or  BRCA2  (BRCAl/2)  mutation  type.  An  “ovar¬ 
ian  cancer  cluster  region”  (OCCR)  has  been  reported  in  both 
BRCAl  and  BRCA2  using  small  sample  sets.  For  BRCAl,  ini¬ 
tially  mutations  after  exon  11  were  associated  with  a  20%  lower 
ovarian  cancer  risk  than  mutations  in  exons  1  through  ll.3  Fol¬ 
lowing  that  observation,  Thompson  et  al4  reported  an  in¬ 
creased  risk  of  ovarian  vs  breast  cancer  specifically  was  asso¬ 
ciated  with  mutations  in  the  central  portion  of  exon  11.  This 
association  was  attributed  to  both  a  decrease  in  breast  cancer 
risk  and  an  increase  in  ovarian  cancer  risk  in  this  region.  Mu¬ 
tations  in  exon  11  of  BRCA2  also  have  been  associated  with 
higher  ovarian  vs  breast  cancer  risk  than  in  other  regions  of 
the  gene.5  It  was  hypothesized  that  this  risk  variation  might 
be  explained  by  the  failure  of  BRCAl/2  exon  11  truncating  mu¬ 
tations  to  trigger  nonsense-mediated  messenger  RNA  (mRNA) 
decay  (NMD)  because  of  their  extremely  large  size,  contrary 
to  truncating  mutations  in  smaller  exons.  However,  this  pos¬ 
tulate  was  not  supported  by  the  measures  of  the  relative 
amounts  of  mRNA  transcript  encoded  by  BRCAl/2  alleles.6,7 
Murine  models  of  different  mutations  in  BRCAl/2  also  sug¬ 
gest  that  genotype- phenotype  correlations  exist.8,9  To  our 
knowledge,  no  study  has  reported  whether  BRCAl/2  muta¬ 
tion  type  is  associated  with  differences  in  breast  and  ovarian 
cancer  risk.  Thus,  we  evaluated  whether  BRCAl  and  BRCA2  mu¬ 
tation  type  or  location  is  associated  with  variation  in  breast  and 
ovarian  cancer  risk. 


Methods 

The  Consortium  of  Investigators  of  Modifiers  of  BRCA  (CIMBA) 
initiative  is  an  international  collaboration  of  centers  on  6  con¬ 
tinents  that  has  collected  information  about  carriers  of  disease- 
associated  BRCAl  and  BRCA2  mutations  with  associated  clini¬ 
cal,  risk  factor,  and  genetic  data.10  All  carriers  participated  in 
clinical  assessment  or  research  studies  at  the  host  institu¬ 
tions  after  providing  informed  consent  under  protocols  ap¬ 
proved  by  institutional  review  boards.  For  some  individuals, 
ascertainment  date  reflects  the  earliest  date  at  which  they  came 
to  the  attention  of  a  clinician  or  research  investigator  (eg,  when 
they  were  first  seen  in  a  clinic),  even  though  their  research  par¬ 
ticipation,  genetic  testing,  and  research  data  collection  may 
have  occurred  many  years  later.  Fifty- five  centers  and  multi¬ 
center  consortia  (eTable  1  in  the  Supplement)  in  33  countries 
submitted  deidentified  data  that  met  the  CIMBA  inclusion 
criteria.10  Study  eligibility  criteria  included  carriage  of  a  disease- 
associated  mutation  and  clinical  data  necessary  to  estimate 
hazard  ratios  (ie,  cancer  diagnosis,  ascertainment  and  fol¬ 
low-up  dates).  Women  were  excluded  if  they  carried  both  a 
BRCAl  and  BRCA2  mutation  (n  =  84). 

No  races/ethnicities  were  excluded  from  this  study.  All 
races/ethnicities  were  included  in  this  report  to  provide  maxi¬ 
mal  generalizability  of  results  for  populations  who  may  be  un- 


Figure  1.  Analysis  Workflow 


Analyses  undertaken  are  listed  in  the  order  in  which  they  are  presented  in 
the  text. 

a  The  functional  domains  were  the  RING,  coiled  coil,  BRCT,  BRC,  DNA  binding, 
oligonucleotide-binding  folds,  and  tower  domains. 


dergoing  genetic  testing  and  counseling.  All  race/ethnicity  des¬ 
ignations  were  based  on  self-report.  Race/ethnicity  data  were 
collected  across  the  various  centers  using  either  fixed  catego¬ 
ries  or  open-ended  questions. 

Mutation  Classification 

Only  carriers  with  clearly  pathogenic  BRCAl/2  mutations 
were  included  in  this  analysis.  Pathogenic  mutations  were 
defined  as  (1)  mutations  generating  a  premature  termination 
codon,  except  variants  generating  a  premature  termination 
codon  in  exon  27  after  codon  3010  of  BRCA211;  (2)  large 
in-frame  deletions  that  span  1  or  more  exons;  and  (3)  dele¬ 
tions  of  transcription  regulatory  regions  (promoter  and/or 
first  exon)  expected  to  cause  lack  of  expression  of  mutant 
allele.  We  also  included  missense  variants  considered 
pathogenic  by  the  Breast  Cancer  Information  Core  commit¬ 
tee  or  published  variants  classified  as  pathogenic  using  mul¬ 
tifactorial  likelihood  approaches.12-13 

Mutations  are  described  here  using  the  Human  Genome 
Variation  Society  nomenclature  in  which  the  nucleotide  num¬ 
bering  is  from  the  A  of  the  ATG  translation  initiator  codon,  and 
use  the  c.XXX  numbering  convention  (eAppendix  1  in  the 
Supplement). 

Creation  of  Mutation  Groups  for  Analysis 
Mutation  Bins 

To  identify  segments  across  the  intronic  and  exonic  regions 
of  the  BRCAl  or  BRCA2  genes  associated  with  different  breast 
vs  ovarian  cancer  risks,  we  created  bins  of  mutations  by  base 
pair  location  (Figure  1).  We  divided  the  genomic  regions  of 
both  genes  to  create  bins  of  genomic  sequence  that  contained 
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Figure  2.  Hazard  Ratio  of  Breast  Cancer  Relative  to  the  Hazard  Ratio  of  Ovarian  Cancer  by  BRCA 1  Nucleotide  Position 
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BRCA1  Exon  11 


The  graph  shows  the  ratio  of  hazard  ratios  (blue  data  markers)  and  95%  Ci 
(error  bars)  for  the  mutation  bins  defined  across  the  span  of  the  coding  DNA 
sequence  of  the  BRCA1  gene.  Black  arrowheads  under  the  bins  indicate  2 
founder  mutations  of  clinical  interest  in  the  Ashkenazi  Jewish  population. 
Regions  inferred  to  be  breast  cancer  cluster  regions  (BCCRs)  and  ovarian  cancer 


cluster  regions  (OCCRs)  are  shown  at  the  bottom.  Solid  light  blue  lines  indicate 
regions  found  to  be  statistically  significant;  dashed  light  blue  lines  indicate 
regions  in  the  same  direction  of  effect  that  were  not  statistically  significant. 
eTable  2  in  the  Supplement  lists  the  bins  and  risks  used  to  define  the  BCCRs  and 
OCCRs. 


all  deleterious  mutations  regardless  of  category  or  function. 
Bins  were  constructed  by  using  an  algorithm  in  which  each 
bin  contained  approximately  equal  numbers  of  participants 
with  bin  length  defined  by  distance  in  base  pairs.  We 
excluded  large  genomic  rearrangements  from  this  analysis  as 
those  mutations  span  multiple  bins  and  also  undertook  a 
subset  analysis  with  and  without  missense  mutations.  The 
resulting  bins  are  presented  in  Figure  2  and  eTable  2  in  the 
Supplement  for  BRCAl  and  Figure  3  and  eTable  3  in  the 
Supplement  for  BRCA2. 

Mutation  Type  and  Functional  Domains 

Mutations  were  grouped  by  type  and  function  as  frame  shift, 
nonsense,  missense,  splice  site,  and  then  by  in-frame  and 
out-of-frame.  Mutation  groups  included  individuals  who 

jama.com 


carried  in-frame  deletions,  nonsplice  out-of-frame  dele¬ 
tions,  and  out-of-frame  deletions.  Missense  mutations  in 
BRCAl  were  grouped  into  those  within  the  RING14-15  and 
BRCT  domains.16'19  Only  17  BRCA2  carriers  (0.1%)  had  mis¬ 
sense  mutations  classified  as  pathogenic;  these  were 
removed  from  the  analysis  because  the  sample  size  was  too 
small  to  provide  statistically  meaningful  inferences.  Com¬ 
parisons  also  were  made  of  mutations  predicted  not  to  lead 
to  NMD  vs  those  that  do  lead  to  NMD.  Mutations  predicted 
not  to  cause  NMD  were  defined  as  those  that  lead  to  a  stop 
codon  within  50  nucleotides  before  or  within  the  last  exon.20 
In  BRCAl,  a  subgroup  including  premature  termination 
codons  before  c.297,  presumed  to  allow  reinitiation  of  trans¬ 
lation  at  the  AUG  at  that  site,  was  examined  separately.21 
Premature  termination  codons  refer  to  all  mutations  leading 
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Figure  3.  Hazard  Ratio  of  Breast  Cancer  Relative  to  the  Hazard  Ratio  of  Ovarian  Cancer  by  BRCA2  Nucleotide  Position 
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BRCA2  Exon  11 


The  graph  shows  the  ratio  of  hazard  ratios  (blue  data  markers)  and  95%  Cl 
(error  bars)  for  the  mutation  bins  defined  across  the  span  of  the  coding  DNA 
sequence  of  the  BRCA2  gene.  The  black  arrowhead  under  the  bins  indicates  a 
founder  mutation  of  clinical  interest  in  the  Ashkenazi  Jewish  population.  The 


regions  inferred  to  be  breast  cancer  cluster  regions  (BCCRs)  and  ovarian  cancer 
cluster  regions  (OCCRs)  are  shown  at  the  bottom;  the  solid  light  blue  lines 
indicate  regions  found  to  be  statistically  significant.  eTable  3  in  the  Supplement 
lists  the  bins  and  risks  used  to  define  to  define  the  BCCRs  and  OCCRs. 


to  a  truncated  open  reading  frame.  Putative  functional 
domains  in  BRCAl  and  BRCA2  were  defined  using  the 
boundaries  in  the  Pfam  database.22  We  also  identified 
reported  domains  in  BRCAl  or  BRCA2  that  are  involved  in 
binding  putative  proteins. 

Statistical  Analysis 

The  primary  outcomes  of  interest  were  diagnosis  of  ovarian 
cancer  or  breast  cancer.  For  ovarian  cancer,  observations  were 
censored  at  the  earliest  of  the  following  outcomes:  bilateral  risk- 
reducing  salpingo-oophorectomy,  death,  or  having  reached  the 


end  of  follow-up  without  an  ovarian  cancer  or  other  censor¬ 
ing  event.  In  women  with  both  breast  and  ovarian  cancer  di¬ 
agnoses,  prior  breast  cancer  diagnoses  were  ignored  in  the 
analysis  of  ovarian  cancer.  Time  to  event  was  computed  from 
birth  to  age  at  first  ovarian  cancer  diagnosis  or  age  at  censor¬ 
ing.  For  the  primary  event  of  breast  cancer,  observations  were 
censored  at  the  earliest  of  the  following  outcomes:  ovarian  can¬ 
cer,  risk- reducing  salpingo-oophorectomy,  risk- reducing  mas¬ 
tectomy,  death,  or  having  reached  the  end  of  follow-up  with¬ 
out  a  cancer  or  other  censoring  event.  Time  to  event  was 
computed  from  birth  to  age  at  first  cancer  diagnosis  or  age  at 
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censoring.  To  account  for  intracluster  dependence  due  to  mul¬ 
tiple  individuals  from  the  same  family,  a  robust  sandwich  vari¬ 
ance  estimate  was  specified  in  Cox  proportional  hazards 
models.23  All  analyses  were  undertaken  in  BRCAl  and  BRCA2 
mutation  carriers  separately.  The  proportional  hazards  as¬ 
sumption  was  tested  using  log(-log)  plots  and  Schoenfeld  re¬ 
siduals. 

Our  analyses  assessed  the  relationship  of  mutation  groups 
with  cancer  risk.  First,  we  used  mutation  bins  to  evaluate 
whether  there  is  evidence  to  support  the  previous  report  of  an 
OCCR3-5  and  whether  breast  cancer  cluster  regions  (BCCRs)  may 
exist.  To  assess  whether  specific  genomic  regions  of  these  genes 
were  associated  with  greater  breast  vs  ovarian  cancer  risk,  we 
computed  the  hazard  ratio  of  breast  cancer,  the  hazard  ratio 
of  ovarian  cancer,  and  a  statistic  RHR,  defined  as  the  ratio  of 
breast  vs  ovarian  cancer  hazard  ratio  estimates.  Values  of  RHR 
greater  than  1  indicate  elevated  breast  cancer  risk;  values  of 
RHR  less  than  1  indicate  elevated  ovarian  cancer  risk.  We  evalu¬ 
ated  bins  of  mutations  across  the  span  of  BRCAl  or  BRCA2  com¬ 
pared  with  all  other  mutations  not  contained  in  that  bin  by  fit¬ 
ting  a  multiple  correlated  outcomes  model  stratified  by  cancer 
site.24  This  approach  allowed  us  to  achieve  2  goals:  first,  to  es¬ 
timate  the  correlation  between  ovarian  and  breast  cancer  out¬ 
comes  within  an  individual,  and  second,  to  provide  an  esti¬ 
mate  of  the  RHR  (estimated  via  an  interaction  term  between 
cancer  site  and  mutation  bin)  with  the  correct  confidence  in¬ 
terval  using  robust  sandwich  variance  estimates  to  account  for 
the  correlation  between  outcomes  within  a  woman.  All  analy¬ 
ses  were  adjusted  for  birth  year  and  race,  stratified  by  center, 
and  controlled  for  clustering  within  family. 

Second,  we  compared  each  mutation  type  or  functional 
group  against  a  common  reference  group.  The  use  of  a  com¬ 
mon  reference  group  allowed  us  to  compare  hazard  ratio  es¬ 
timates  across  different  mutation  classes.  For  both  BRCAl  and 
BRCA2,  we  chose  exon  11  nonsense  mutations  as  the  com¬ 
mon  reference  group.  Exon  11  nonsense  mutations  are  com¬ 
mon  in  diverse  ethnic  backgrounds  and  have  been  demon¬ 
strated  to  have  the  same  biological  effect,  leading  to  NMD.25 

Approximate  cancer  risks  to  age  70  years  for  specific  mu¬ 
tation  classes  were  derived  from  the  relative  risk  estimates.  For 
BRCAl  and  BRCA2,  estimated  lifetime  breast  cancer  pen¬ 
etrances  were  assumed  to  be  59%  and  51%  and  ovarian  can¬ 
cer  penetrance  34%  and  11%,  respectively.26  Mutation- 
specific  penetrance  estimates  were  derived  using  the  method 
presented  in  eAppendix  2  in  the  Supplement. 

Statistical  tests  were  judged  significant  based  on  2-sided 
hypothesis  tests  with  P  <  .05.  All  P  values  were  corrected  for 
multiple  hypothesis  testing  within  each  table  of  results  by  con¬ 
trolling  the  false  discovery  rate  (FDR)  using  the  method  of 
Benjamini  and  Hochberg.27  Analyses  were  conducted  in  SAS 
version  9  (SAS  Institute)  or  R  version  2.7.2  (R  Foundation  for 
Statistical  Computing). 


Results 

A  total  of  19  581  female  carriers  of  BRCAl  mutations  and  11  900 
carriers  of  BRCA2  mutations  were  eligible  for  inclusion  in  this 
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study.  Table  1  reports  the  distribution  of  dates  of  ascertain¬ 
ment  to  the  study  as  well  as  time  from  ascertainment  to  can¬ 
cer  diagnosis  or  censoring,  as  used  in  the  survival  analysis  mod¬ 
els  reported  in  this  section.  Mean  age  of  breast  cancer  diagnosis 
was  39.9  years  in  BRCAl  mutation  carriers  and  42.8  years  in 
BRCA2  mutation  carriers.  Mean  age  of  ovarian  cancer  diagno¬ 
sis  was  50.0  years  in  BRCAl  mutation  carriers  and  54.5  years 
in  BRCA2  mutation  carriers.  The  3  ovarian  cancer  cases  diag¬ 
nosed  before  age  18  years  were  germ  cell  tumors  and  in¬ 
cluded  in  the  analysis  (Table  1).  Of  note,  all  analyses  also  were 
undertaken  excluding  these  3  cases  and  there  was  no  differ¬ 
ence  in  the  results.  The  majority  of  the  sample  consisted  of 
white  women  for  both  BRCAl  and  BRCA2  mutation  carriers: 

92%  to  93%  white,  including  8%  to  9%  Jewish  women.  Both 
BRCAl  and  BRCA2  mutation  carriers  had  a  median  parity  of  2.0 
live  births  and  age  at  menarche  of  13  years.  Median  age  at  meno¬ 
pause  was  44  years  in  BRCAl  and  46  years  in  BRCA2  mutation 
carriers,  reflecting  in  part  the  use  of  preventive  surgeries. 

BRCAl:  Breast  and  Ovarian  Cancer  Cluster  Regions 

We  observed  an  OCCR  bounded  by  c.1380  and  c.4062  (Figure  2), 
suggesting  a  relative  decrease  in  breast  relative  to  ovarian  can¬ 
cer  risk  (RHR  =  0.62;  95%  Cl,  O.56-O.7O;  FDR-corrected 
P  =  9  x  10~17).  This  estimate  was  obtained  by  considering  all 
mutations  across  multiple  bins  spanning  the  OCCR.  The  OCCR 
is  explained  by  both  a  relative  decrease  in  breast  cancer  risk 
and  a  relative  increase  in  ovarian  cancer  risk  (eTable  2  in  the 
Supplement),  which  was  statistically  significant  in  bins  9, 11- 
13, 15-16,  and  23  (F  igure  2) .  The  OCCR  extends  further  5'  of  the 
previously  reported  OCCR,  which  was  defined  by  the  interval 
c.2282  to  c.4071.3  The  OCCR  is  entirely  contained  within  exon 
11  (C.670-C.4096)  with  bins  6  and  23  being  approximately  co¬ 
incident  with  the  boundaries  of  the  exon. 

We  also  observed  a  relative  increase  in  breast  cancer  risk 
and  a  relative  decrease  in  ovarian  cancer  risk  for  mutations  oc¬ 
curring  in  the  5'  and  3'  regions  of  BRCAl,  potentially  defining 
2  BCCRs  (Figure  2).  BCCRl  mutations  within  bins  4-5  (c.179- 
c.505)  were  associated  with  excess  risks  of  breast  vs  ovarian 
cancer  (eTable  2  in  the  Supplement)  and  lie  within  the  3'  re¬ 
gion  of  the  RING  domain  (C.72-C.192).  Mutations  in  the  BCCRl 
were  associated  with  a  relative  increase  in  breast  cancer  risk 
relative  to  ovarian  cancer  risk  (RHR  =  1.46;  95%  Cl,  1.22-1.74; 
FDR-corrected  P  =  2  x  10 _6).  When  all  mutations  in  the  RING 
domain  were  considered  together  as  compared  with  all  oth¬ 
ers,  they  were  associated  with  a  significant  increase  in  breast 
cancer  risk  (HR  =  1.13;  95%  Cl,  1.02-1.26)  and  a  significant  de¬ 
crease  in  ovarian  cancer  risk  (HR  =  0.81;  95%  Cl,  O.67-O.97). 

Bin  2,  which  contains  only  the  founder  mutation  BRCAl 
c.68_6gdelAG  (l85delAG),  did  not  provide  statistically  signifi¬ 
cant  evidence  for  elevated  breast  vs  ovarian  cancer  risks,  sug¬ 
gesting  that  this  mutation  is  associated  with  relatively  equiva¬ 
lent  risks  of  both  cancers. 

Mutations  in  bins  26  and  29-30  in  the  3'  region  of  BRCAl 
also  provided  evidence  for  additional  BCCRs.  BCCR2  was  as¬ 
sociated  with  an  increase  in  breast  cancer  relative  to  ovarian 
cancer  risk  (RHR  =  1.34;95%CI,  l.Ol-l.78;P  =  .04)  bounded  by 
c.4328  and  c.4945.  The  second  segment  of  this  BCCR  (de¬ 
noted  BCCR2')  includes  the  BRCT  domains  (C.4926-C.5169  and 
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Table  1.  Characteristics  of  Study  Sample:  Ascertainment,  Diagnosis,  Demographics,  and  Risk  Factors 


BRCAl  Mutation  Carriers 

BRCA2  Mutation  Carriers 

Variable 

No. 

Median  or  Mean  (Range) 

SD 

No. 

Median  or  Mean  (Range) 

SD 

Women  with  breast  cancer 

10  093 

6452 

Year  of  breast  cancer  diagnosis 

1999 (1942-2011) 

1999  (1937-2011) 

Mean  age  at  breast  cancer  diagnosis,  y 

39.9  (17-85) 

9.2 

42.8  (17-86) 

9.8 

Women  without  breast  cancer 

9488 

5448 

Mean  age  of  women  with  no  breast  cancer 
diagnosis,  y 

41.0  (12-102)3 

12.0 

42.6  (13-94)a 

13.1 

Women  with  ovarian  cancer 

3358 

954 

Year  of  ovarian  cancer  diagnosis 

2001  (1949-2011) 

2001 (1967-2010) 

Mean  age  at  ovarian  cancer  diagnosis,  y 

50.0  (16-92)b 

9.5 

56.5  (19-89)b 

9.9 

Women  without  ovarian  cancer 

16223 

10  946 

Mean  age  of  women  with  no  ovarian  cancer 
diagnosis,  y 

42.0  (12-102)3 

12.0 

45.4  (13-96)a 

12.6 

Race/ethnicity 

White 

16  481 

10014 

African/African  American 

176 

87 

Asian 

392 

404 

Hispanic 

333 

175 

Jewish 

1800 

971 

Other 

399 

249 

Parity,  No.  of  live  births 

2.0  (0-14) 

1.4 

2.0  (0-14) 

1.4 

Age  at  menarche,  y 

13.0  (8-23) 

1.5 

13.0  (7-22) 

1.6 

Age  at  natural  or  surgical  menopause,  y 

44.0  (16-68) 

6.3 

46.0  (14-68) 

6.6 

a  Includes  age  at  time  of  original  family  ascertainment  for  some  women  who  were  never  diagnosed  with  cancer. 
b  Includes  3  germ  cell  carcinoma  cases  diagnosed  before  age  21  years. 


C.5268-C.5526)  and  was  associated  with  a  relative  excess  of 
breast  vs  ovarian  cancers  (RHR  =  1.38;  95%  Cl,  1.22-1.55; 
P  =  6  x  io~9)  (Figure  2).  In  the  BRCT  domains,  the  preponder¬ 
ance  of  mutations  was  missense,  not  expected  to  trigger  NMD. 
This  region  also  includes  bin  29,  which  contains  only  the  BRCAl 
c.5266dupC  (5382insC)  mutation,  which  also  is  not  predicted 
to  lead  to  NMD  as  it  introduces  a  premature  termination  codon 
in  the  last  exon.6  In  bin  30,  BRCAl  c.5277  +  1G>A,  a  common 
splice  site  mutation  in  the  Netherlands,  is  observed  and  not 
expected  to  lead  to  NMD. 

We  compared  breast  and  ovarian  cancer  risks  between 
women  who  had  a  mutation  in  a  specified  functional 
domain  compared  with  all  other  women  who  did  not  have 
mutations  in  that  domain.  Mutations  in  the  RING  domain 
were  associated  with  higher  breast  cancer  risks  and  nonsig¬ 
nificant  lower  ovarian  cancer  risks  than  other  mutations. 
These  results  are  consistent  with  the  colocation  of  the 
BCCRl  (Figure  2)  and  RING  domain.  Mutations  in  the  BRCT 
domains  were  associated  with  higher  breast  cancer  risk. 
When  analyses  were  limited  to  mutations  conferring  NMD, 
breast  cancer  risk  became  significantly  associated  with 
mutations  in  the  coiled  coil  domain. 

BRCAl:  Risks  by  Category  and  Function 

We  observed  variability  in  breast  and  ovarian  cancer  risks  by 
mutation  class  (Table  2  and  Table  3).  For  BRCAl- associated 
breast  cancer,  most  risk  groups  were  associated  with  higher 
breast  cancer  risk  than  the  exon  11  nonsense  mutation  refer¬ 
ence  group.  This  result  is  consistent  with  the  data  shown  in 


Figure  2  and  eTable  2  in  the  Supplement  as  it  is  similar  in 
location  with  the  OCCR.  Groups  with  elevated  breast  cancer 
risk  include  all  mutations  leading  to  NMD  (group  1),  all  pre¬ 
mature  termination  codon  mutations  except  for  exon  11 
nonsense  mutations  (group  2),  frame  shift  and  nonsense 
mutations  occurring  5'  of  c.297  that  are  predicted  to  lead  to 
NMD  and  reinitiation  (group  3),  nonpremature  termination 
codon  mutations  (group  4),  all  founder  mutations  (group  5) 
and  the  founder  mutation  c.5266dup  C  (group  5b),  missense 
mutations  (group  6)  and  missense  mutations  in  the  RING 
domain  (group  6a),  missense  and  in-frame  deletions  (group 
7),  all  in-frame  deletions  (group  8),  and  premature  termina¬ 
tion  codon  mutations  not  leading  to  NMD  (group  9).  The 
majority  of  the  last  group  is  comprised  of  c.5266dupC  (83%). 
For  BRCAl -associated  ovarian  cancer  (Table  2),  mutations 
associated  with  significantly  lower  ovarian  cancer  risks 
compared  with  the  reference  group  included  mutations  5'  of 
c.297  (group  3),  nonpremature  termination  codons  (group 
4),  founder  mutations  (group  5,  5a,  5b),  missense  mutations 
(group  6,  6a),  missense  and  in-frame  deletions  (group  7), 
and  premature  termination  codons  not  leading  to  NMD 
(group  9). 

When  comparing  mean  age  differences  among  women 
with  or  without  a  specific  mutation  category  or  function,  we 
found  small  but  statistically  significant  differences.  In 
BRCAl,  exon  11  mutations  were  associated  with  earlier  ages 
at  breast  and  ovarian  cancer  diagnosis.  Mutations  conferring 
NMD  or  premature  termination  codon  were  associated  with 
a  later  age  at  breast  cancer  diagnosis.  Conversely,  an  earlier 
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Table  2.  Mutation-Specific  Risk  Groups:  Risks  Relative  to  Noninsertion  or  Nondeletion  Exon  11  Mutations 


Group 

Description 

Mutation 

Types 

Included 

NMD 

Protein 

No.  (%)  With 
Mutation 

Breast  Cancer,  HR 
(95%  Cl) 

No.  of 

Women  With 
Breast  Cancer 

Ovarian  Cancer,  HR 
(95%  Cl) 

No.  of 

Women  With 
Ovarian  Cancer 

BRCAl  (n  =  19  581) 

a 

Exon  11  nonsense 
mutations 

NS 

Yes 

No 

1770  (9.0) 

1  [Reference] 

796 

1  [Reference] 

336 

1 

NMD 

FS,  NS, 
OF-GR, 
OF-SP 

Yes 

No 

11027  (56.3) 

1.20  (1.08-1.33) 

5469 

0.94  (0.80-1.11) 

2038 

2 

All  premature 

termination 

mutations 

FS,  NS, 
OF-GR, 
OF-SP 

Yes 

No 

14453  (73.8) 

1.25  (1.12-1.38) 

7318 

0.93  (0.79-1.09) 

2524 

3 

Mutations  before 
c.297  ATG  presumed 
transcription 
reinitiation 

FS,  NS 

No 

No 

2763  (14.1) 

1.40  (1.12-1.74) 

250 

0.66  (0.46-0.95) 

74 

4 

Not  premature 
termination 

MS,  IF,  GR, 
IF-SP,  FS 

No 

Yes 

5398  (27.6) 

1.51  (1.34-1.70) 

2986 

0.73  (0.61-0.88) 

781 

5 

All  founder 
mutations 

FS 

5375  (27.5) 

1.41  (1.23-1.61) 

2698 

0.72  (0.60-0.88) 

850 

5a 

Founder  mutation 
c.68_69delAG 

FS 

No 

2324  (11.9) 

1.14  (0.94-1.38) 

1033 

0.67  (0.51-0.87) 

391 

5b 

Founder  mutation 
c.5266dupC 

FS 

Yes 

3051  (15.6) 

1.63  (1.41-1.89) 

1665 

0.73  (0.57-0.92) 

459 

6 

All  missense 
mutations 

MS 

Yes 

1620  (8.3) 

1.40  (1.20-1.64) 

899 

0.73  (0.57-0.92) 

241 

6a 

Missense  mutations 
in  RING  domain 
(c. 72-192) 

MS 

Yes 

1213  (6.2) 

1.56  (1.32-1.84) 

681 

0.73  (0.56-0.96) 

171 

6b 

Missense  mutations 
in  BRCT  domain 
(c. 4866-5325) 

MS 

Yes 

372  (1.9) 

1.09  (0.82-1.45) 

202 

0.72  (0.48-1.09) 

64 

7 

Missense  mutations 
and  in-frame 
deletions 

MS+IF, 

IF-SP, 

IF-GR 

Yes 

1658  (8.5) 

1.42  (1.22-1.66) 

925 

0.71  (0.56-0.91) 

249 

8 

In-frame  deletions 
(splice,  single  codon, 
large  deletion) 

IF,  IF-SP, 
IF-GR 

Yes 

38  (0.2) 

2.41  (1.41-4.11) 

26 

0.51  (0.15-1.76) 

8 

9 

All  premature 
termination  codons 
not  leading  to  NMD 

FS,  NS, 
OF-SP, 
OF-GR 

No 

Yes 

3663  (18.7) 

1.58  (1.38-1.80) 

2000 

0.74  (0.60-0.91) 

520 

BRCA2  (n  =  11900) 

a 

Exon  11  nonsense 
mutations 

NS 

Yes 

No 

1001  (8.4) 

1  [Reference] 

534 

1  [Reference] 

155 

1 

NMD 

FS,  NS, 
OF-GR, 
OF-SP 

Yes 

No 

9961  (83.7) 

1.10  (0.95-1.27) 

5383 

0.78  (0.56-1.08) 

803 

2 

Not  premature 
termination  codon 

IF-S,  IF-FS, 
NS 

No 

Yes 

203  (1.7) 

1.35  (0.92-1.97) 

118 

0.34  (0.13-0.88) 

12 

3 

In-frame  deletions 
(splice,  frame  shift) 

IF-FS, IF-S 

No 

Yes 

117  (1.0) 

1.41  (0.85-2.35) 

76 

0.26  (0.08-0.88) 

9 

4 

Premature 
termination  codons 
in  last  exon  not 
leading  to  NMD 

FS,  NS 

No 

Yes 

86  (0.7) 

1.32  (0.79-2.19) 

42 

0.51  (0.13-2.09) 

3 

5 

Founder  mutation 
c.5946delT 

1341  (11.3) 

0.79  (0.60-1.03) 

579 

0.77  (0.46-1.32) 

155 

Abbreviations:  FS,  frame  shift:  GR,  genomic  rearrangement;  HR,  hazard  ratio;  IF,  in-frame;  NE,  not  estimable;  NMD,  nonsense-mediated  decay;  NS,  nonsense; 
MS,  missense;  OF,  out  of  frame;  SR  splicing. 


age  at  breast  cancer  diagnosis  was  associated  with  nonpre¬ 
mature  termination  codon  mutations  and  the  founder 
mutations  (Table  3). 

BRCA2:  Breast  and  Ovarian  Cancer  Cluster  Regions 

We  observed  an  OCCR  (OCCRl)  bounded  by  c.3249  and 
c.5681,  containing  c.5946delT  (6l74delT),  with  statistically 
significant  evidence  for  a  relatively  higher  ovarian  cancer  vs 
breast  cancer  risk  among  carriers  of  mutations  in  bins  6-9 

jama.com 


and  11  (Figure  3).  OCCRl  is  explained  by  both  a  relative 
increase  in  ovarian  cancer  risk  and  a  relative  decrease  in 
breast  cancer  risk,  with  an  increase  in  ovarian  cancer  rela¬ 
tive  to  breast  cancer  risk  (RHR  =  0.51;  95%  Cl,  0.44-0. 60; 

P  =  6  x  io~17)  (eTable  3  in  the  Supplement).  The  putative 
OCCRl  lies  within  the  previously  reported  OCCR3  and 
approximately  colocalized  with  the  BRC  repeats  within  exon 
ll.i7’i8,28  a  second  putative  OCCR  (0CCR2)  outside  of  the 
original  OCCR  boundaries  also  was  observed  defined  by  bin 
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Table  3.  Mutation-Specific  Risk  Groups:  Ages  at  Diagnosis  of  Breast  Cancer  or  Ovarian  Cancer 

Mean  Age  at  Diagnosis,  y 

Breast  Cancer 

Ovarian  Cancer 

Group3 

Women  With 
Breast  Cancer 

Women  With 
Ovarian  Cancer 

With  Mutation 

Without 

Mutation 

FDR  P 
Value 

With  Mutation 

Without 

Mutation 

FDR  P  Value 

BRCA1  (n  = 

19  581) 

a 

796 

336 

40.4 

42.4 

<.001 

50.2 

52.5 

<.001 

1 

5469 

2038 

41.2 

40.1 

<.001 

50.8 

50.3 

.32 

2 

7318 

2524 

41.2 

40.4 

.001 

51.2 

50.2 

.06 

3 

250 

74 

40.7 

39.4 

.07 

50.5 

52.2 

.29 

4 

2986 

781 

40.5 

41.1 

.006 

50.6 

50.0 

.32 

5 

2698 

850 

40.2 

41.1 

<.001 

50.27 

51.11 

.03 

5a 

1033 

391 

40.43 

42.41 

<.001 

50.22 

52.49 

<.001 

5b 

1665 

459 

40.5 

41.5 

<.001 

50.6 

50.0 

.34 

6 

899 

241 

40.6 

49.8 

.60 

50.5 

49.8 

.59 

6a 

681 

171 

40.6 

41.1 

.39 

50.6 

49.3 

.32 

6b 

202 

64 

40.7 

40.2 

.60 

50.5 

51.2 

.59 

7 

925 

249 

40.6 

40.9 

.60 

50.6 

49.8 

.34 

8 

26 

8 

40.6 

41.8 

.60 

50.5 

48.4 

.59 

9 

2000 

520 

40.5 

41.1 

.02 

50.6 

50.1 

.34 

BRCA2 (n  = 

11900) 

a 

534 

155 

43.3 

45.8 

<.001 

56.5 

56.9 

.83 

1 

5383 

803 

44.5 

43.4 

.008 

56.5 

56.5 

.93 

2 

118 

12 

42.4 

43.6 

.42 

55.7 

55.6 

.94 

3 

76 

9 

42.4 

43.6 

.42 

56.3 

56.5 

.94 

4 

42 

3 

42.4 

43.6 

.50 

53.0 

56.5 

.94 

5 

579 

155 

43.33 

45.83 

<.001 

56.47 

56.88 

.65 

Abbreviations:  FDR,  false  discovery  rate. 
a  Group  descriptions  appear  in  Table  2. 


14  (C.6645-C.7471).  OCCR2  was  associated  with  an  increase 
in  ovarian  cancer  relative  to  breast  cancer  risk  (RHR  =  0.57; 
95%  Cl,  O.41-O.8O;  P  =  .001). 

We  also  observed  a  relative  increase  in  breast  cancer  risk 
and  a  relative  decrease  in  ovarian  cancer  risk  for  mutations  oc¬ 
curring  in  the  5'  and  3'  regions  of  BRCA2,  potentially  defining 
multiple  BCCRs  (ie,  BCCRl,  BCCRl',  and  BCCR2)  (Figure  3). 
These  3  regions  were  associated  with  relatively  increased  breast 
cancer  risk  relative  to  ovarian  cancer  risk  with  RHR  =  1.71(95% 
Cl,  1.06-2.78;  P  =  .03),  RHR  =  1.63  (95%  Cl,  1.10-2.40;  P  =  .01), 
and  RHR  =  2.31  (95%  Cl,  1.69-3.16;  P  =  .00002),  respectively. 
These  regions  were  associated  with  both  increased  breast  can¬ 
cer  risk  and  decreased  ovarian  cancer  risk  (eTable  3  in  the 
Supplement). 

We  also  observed  small  but  statistically  significant  differ¬ 
ences  in  the  mean  age  at  breast  cancer  diagnosis  associated 
with  some  of  these  regions.  The  mean  age  was  greater  for  mu¬ 
tations  in  OCCR  vs  mutations  not  in  OCCR  (45.0  vs  43-9  years, 
P  <  .001;  mean  difference:  1.17;  95%  Cl,  0.65  to  1.69),  lower  for 
mutations  in  BCCRl  vs  mutations  not  in  BCCRl  (42.6  vs  44.3 
years;  P  =  .004;  mean  difference:  -1.66, 95%  Cl,  -2.80  to  -0.53), 
and  lower  for  mutations  in  BCCR2  vs  mutations  not  in  BCCR2 
(43.5  vs  44.3  years,  P  =  .04;  mean  difference:  -0.80,  95%  Cl, 
-1.55  to -0.05). 

To  complement  the  prior  set  of  analyses,  we  also  pre¬ 
sent  associations  of  breast  and  ovarian  cancers  among 


groups  of  BRCA2  mutation  carriers  defined  by  known  DNA 
binding  domains  (Table  4).  Mutations  in  the  BRC  repeats 
were  associated  with  lower  breast  cancer  risks  and  higher 
ovarian  cancer  risks  than  those  mutations  not  occurring  in 
the  BRC  repeats  consistent  with  their  colocation  with  the 
OCCRl  (Figure  3). 

BRCA2:  Risks  by  Category  and  Function 

For  BRCA2-a.ssoda.ted  cancer,  the  reference  exon  11  mutation 
group  was  associated  with  decreased  breast  cancer  risk  com¬ 
pared  with  most  other  mutation  classes  (Table  2),  consistent 
with  colocalization  with  OCCRl.  Compared  with  the  refer¬ 
ence  group,  ovarian  cancer  risks  were  further  reduced  among 
women  who  carried  premature  truncation  codons  (HR  =  0.27; 
95%  Cl,  0.11-0.66).  We  observed  an  association  with  earlier  age 
at  breast  cancer  diagnosis  with  exon  11  mutations  and  for  mu¬ 
tations  not  conferring  NMD  (Table  3). 

Absolute  Risks 

To  illustrate  potential  mutation-specific  effects  on  absolute 
cancer  risks,  we  used  the  hazard  ratio  estimates  to  derive 
approximate  absolute  risks  and  95%  confidence  intervals, 
based  on  published  estimates  for  the  overall  risks  of  breast 
and  ovarian  cancer  by  age  70  years.26  These  estimates  are 
for  illustration  and  do  not  represent  absolute  risk  estimates 
that  would  be  required  in  a  genetic  counseling  setting,  as 
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Table  4.  Risks  Associated  With  Specific  Binding  Domains:  Comparison  of  Mutations  Not  in  the  Domain  (ie,  the  Reference  Group)  vs  Those  Within 
the  Domain 


Breast  Cancer 

Ovarian  Cancer 

Gene 

Domain 

Binding 

Partner 

Region 

No.  With/Without 
Mutation3 

HR  (95%  Cl) 

FDR  P 
Value 

No.  With/Without 
Mutation3 

HR  (95%  Cl) 

FDR  P 
Value 

BRCAl 

RING 

BARD1 

c. 72-192 

781/595 

1.13  (1 .02-  1.26)b,c 

.04 

205/1171 

0.81  (0.67-0.97) 

.07 

Coiled  coil 

PALB2 

c. 3759-3819 
or 

c.  4191-4272 

122/90 

1.20  (0.93-  1.54)d 

.16 

39/173 

0.97  (0.62-1.50) 

.88 

BRCT 

BACH1 

c. 4926-5169 

or 

c. 5268-5526 

1203/832 

1.26  (1.15-  1.38)e-f 

<.001 

298/1737 

0.86  (0.74-1.01) 

.09 

BRCA2 

BRC 

RAD51 

c. 3006-3108, 
c. 3636-3738, 

810/992 

0.67  (0.56-0.79)9,h 

<.001 

205/1597 

1.09  (0.78-1.53) 

.77 

c. 4263-4365, 
c. 4551-4653, 
c. 4992-5094, 
c. 5511-5613, 
c. 5913-6015, 
or 


c. 6153-6255 


DNA 

binding 

c. 7437-8001 

464/336 

1.17  (0.99-1.38) 

.08 

63/737 

1.06  (0.71-1.59) 

.77 

0B  folds 

ssDNA 

c. 8010-8400 

or 

c. 9156-9570 

512/364 

1.18  (1.01-1.37)h-i 

.07 

50/826 

0.57  (0.39-0.84) 

.02 

Tower 

RAD51 

c. 8443-8616 

193/154 

1.20  (0.92-1.56) 

.19 

18/329 

0.42  (0.18-1.00)’ 

.10 

Abbreviations:  FDR,  false  discovery  rate;  HR,  hazard  ratio;  NMD, 

6  Premature  termination  codon  mutations  only:  HR  =  1.31;  95%  Cl,  1.17-1.47. 

nonsense-mediated  decay;  OB,  oligonucleotide-binding. 
a  Among  19  581  carriers  of  BRCA1  mutations  and  11  900  carriers  of  BRCA2 
mutations. 

bMissense  mutations  only:  HR  =  1.42;  95%  Cl,  1.06-1.90. 
c  Mutations  conferring  NMD  only:  HR  =  2.56;  95%  Cl,  1.03-6.34. 
d  Mutations  conferring  NMD  only:  HR  =  1.35;  95%  Cl,  1.05-1.72. 


f  Mutations  conferring  NMD  only:  HR  =  1.38;  95%  Cl,  1.20-1.59. 

8  Premature  termination  codon  mutations  only  contributed  to  this  estimate. 
h  Mutations  conferring  NMD  only:  HR  =  1.26;  95%  Cl,  1.07-1.48. 

1  Premature  termination  codon  mutations  only:  HR  =  1.26;  95%  Ci,  1.07-1.48. 
’  Mutations  conferring  NMD  only:  HR  =  0.31;  95%  Cl,  0.13-0.77. 


Table  5.  Representative  Cancer  Penetrances  by  Age  70  Years:  Baseline  Risk  and  Modified  Risk  in  Mutation  Group 


Gene 

Cancer  Site 

Statistically 
Significant 
Mutation-Specific 
Relative  Risk 

Mutation  Groups 
Corresponding  to  These 
Relative  Risks,  Tables  2-3 
(Group  No.) 

Mutation  Prevalence, 
%a  (EMBRACE  Data) 

Overall  Penetrance 
to  Age  70  Years,  % 
(BOADICEA) 

Mutation-Specific 
Penetrance  to  Age  70 
Years,  %  (95%  Cl) 

BRCAl 

Breast 

1.4 

All  founder  mutations  (5) 

16 

59 

69  (56-83) 

Ovary 

0.7 

All  founder  mutations  (5) 

16 

34 

26 (10-43) 

BRCA2 

Breast 

0.7 

Truncating  mutations  within 
the  BRC  domains  (Table  3) 

11 

51 

40  (27-54) 

Ovary 

0.3 

Not  PTC  (2) 

0.6 

11 

3 (0-38) 

3  Defined  as  the  proportion  of  heterozygous  mutation  carriers  with  this  mutation  class  with  the  specified  cancer  and  BRCAl  or  BRCA2  mutation  in  the  EMBRACE 
data  set. 

they  do  not  account  for  noncancer  outcomes  that  may  influ¬ 
ence  a  woman’s  life  expectancy,  the  effects  of  family  his¬ 
tory,  and  nonrandom  ascertainment  of  mutation  carriers  in 
this  sample  and  depend  on  assumptions  about  the  preva¬ 
lence  of  different  mutation  classes  in  the  population.  Using 
the  BRCAl/2  baseline  breast  and  ovarian  cancer  risks  of 
Antoniou  et  al,26  we  estimated  risks  and  confidence  inter¬ 
vals  about  these  risks  (eAppendix  2  in  the  Supplement). 
These  confidence  limits  assume  that  the  overall  risk  for  a 
given  individual  is  provided  by  our  estimates  and  should 
not  be  interpreted  as  measuring  the  overall  uncertainty  in 
the  absolute  risk  estimates,  as  shown  in  Table  5.  The  overall 
breast  cancer  risk  for  BRCAl  mutation  carriers  by  age  70 
years  is  59%,  which  increases  to  69%  (95%  CI,  56%-83%)  in 
women  who  carry  a  missense  mutation,  Jewish  founder 
mutation,  or  a  mutation  that  undergoes  NMD  with  reinitia- 

jama.com 


tion.  The  ovarian  cancer  risk  in  BRCAl  mutation  carriers  by 
age  70  years  is  34%  overall  but  decreases  to  26%  (95%  CI, 
lO%-43%)  among  women  who  carry  a  founder  mutation. 


Discussion 

We  have  identified  mutations  in  BRCAl  or  BRCA2  that  are 
associated  with  significantly  different  risks  of  breast  and 
ovarian  cancers.  These  mutation-specific  risks  coincide 
with  known  or  hypothesized  functional  domains  and  pro¬ 
vide  a  basis  around  which  accurate  risk  estimates  can  be 
generated  for  women  who  have  inherited  a  particular 
BRCAl/2  mutation.  These  results  are  consistent  with  prior 
reports  of  OCCRs  in  both  BRCAl  and  BRCA2  that  lie  in  or 
near  exon  11  of  both  genes. 3,5,29,3°  Mutations  in  exon  11 
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could  produce  a  partial  BRCAl  protein  encoded  by  the 
known  exon  11  splice  variant,  while  the  full-length  protein  is 
lost  by  the  process  of  NMD.6  Murine  embryos  carrying  the 
exon  ll-deleted  isoform  survive  longer  than  those  that  are 
BRCAl  null,  and  BRCAl  that  has  lost  exon  11  appear  to  retain 
partial  function.31  Thus,  for  BRCAl,  it  is  biologically  plau¬ 
sible  that  individuals  carrying  mutations  within  exon  11 
(and  the  OCCR)  may  have  a  different  phenotype  than  other 
mutations.  In  BRCA2,  we  have  identified  OCCRs,  coincident 
with  the  8  BRC  repeats.  Mutations  in  this  region  appear 
to  be  associated  with  NMD,  which  would  lead  to  loss  of 
BRCA2  expression.7  However,  it  is  possible  that  there  is  per¬ 
sistence  of  an  alternatively  spliced  variant  of  BRCA2,  with¬ 
out  exon  11  (as  for  BRCAl),  which  would  represent  in-frame 
mutations.  In  addition,  the  BRCA2  BRC  repeats  interact  with 
RAD51,  which  has  been  consistently  shown  to  be  a  modifier 
of  BRCA2-associated  breast  and  ovarian  cancer  risk.32 
Without  the  BRC  repeats,  BRCA2  might  differ  in  interactions 
with  RAD51  and  lead  to  genotype-phenotype  variation. 
However,  the  biological  basis  of  the  BRCA2  OCCR  remains 
speculative,  in  particular  as  it  does  not  extend  throughout 
all  of  exon  11. 

In  BRCA2,  several  putative  BCCRs  were  defined.  The  3' 
BCCR  coincides  approximately  with  mutations  occurring  in  the 
oligonucleotide  binding  (OB)  fold  domains  and  the  tower  do¬ 
main.  When  examined  independently,  both  of  these  domains 
were  associated  with  relatively  elevated  breast  cancer  risk  and 
lower  ovarian  cancer  risk.  These  mutations  in  BRCA2  would 
be  predicted  to  undergo  NMD.  However,  it  has  been  demon¬ 
strated  experimentally  for  only  a  few  mutations,  leaving  the 
functional  basis  unknown.7 

We  have  also  identified  a  decreased  risk  of  ovarian  cancer 
associated  with  all  types  of  mutations  predicted  not  to  lead  to 
NMD  in  BRCA2;  the  estimated  risk  was  only  significant  for  all 
mutations  together  and  those  mutations  leading  to  in-frame 
splice  site  or  frame  shift  mutations.  These  mutations  all  oc¬ 
cur  after  nucleotide  7000  in  the  C-terminus  of  BRCA2,  which 
includes  the  DNA  binding  domains,  tower  domains,  and  OB 
folds.33  These  functional  domains  are  associated  with  local¬ 
ization  of  BRCA2  to  sites  of  double-stranded  DNA  breaks  to  ac¬ 
complish  repair.33  These  data  suggest  that  intact  protein  may 
be  protective  when  it  comes  to  ovarian  cancer  risk.  However, 
the  number  of  individuals  is  small  and  further  replication  is 
needed. 

A  number  of  limitations  of  this  research  may  influence  the 
generalizability  and  translational  potential  of  this  research.  De¬ 
spite  the  very  large  sample  size,  we  were  not  able  to  investi¬ 
gate  some  mutation  and  risk  groups  with  adequate  statistical 
power.  Carriers  of  BRCA2  mutations  composed  a  smaller 
sample  set;  in  particular,  the  number  of  women  with  BRCA2- 
associated  ovarian  cancers  was  relatively  small.  Although  all 
women  with  a  documented  disease-associated  mutation  in  the 
CIMBA  database  were  included,  some  populations  use  screen¬ 
ing  for  founder  mutations  as  a  primary  method  of  mutation 
detection,  such  as  for  the  3  Ashkenazi  Jewish  mutations.  This 
testing  strategy  may  lead  to  underreporting  of  nonfounder  mu¬ 
tations.  As  such,  some  bias  in  the  ascertainment  of  the  full  spec¬ 
trum  of  mutations  could  have  occurred.  The  ascertainment 


strategy  generally  followed  clinical  and  research  protocols  simi¬ 
lar  across  all  centers.  However,  we  did  not  correct  for  ascer¬ 
tainment,  and  thus  bias  may  have  affected  some  variables  (eg, 
age  at  diagnosis),  which  should  be  interpreted  with  caution. 
Mutation  testing  was  performed  using  methods  acceptable  for 
clinical  practice  at  each  center,  which  was  not  uniform  across 
all  centers. 

The  present  sample  set  does  not  reflect  the  general  popu¬ 
lation  of  all  mutation  carriers  but  reflects  those  women  who 
have  undergone  genetic  testing  for  BRCAl/2  mutations,  a  rel¬ 
evant  population  of  inference.  We  have  presented  the  muta¬ 
tions  in  terms  of  category  or  effect,  but  these  designations  are 
in  some  cases  extrapolated  based  on  experimental  evidence 
for  similar  mutations.  An  example  is  the  designation  of  NMD 
inferred  from  mutation  location,  which  is  based  on  experi¬ 
mental  validation  of  only  a  small  proportion  of  the  mutations.6,7 
Similarly,  inference  of  protein  truncation  based  on  predicted 
protein-truncating  mutations  without  experimental  verifica¬ 
tion  may  lead  to  erroneous  classification.25  Penetrances  that 
are  presented  here  are  limited  because  other  factors  that  are 
not  accounted  for  here  could  influence  these  estimates.  These 
factors  include  family  history  and  competing  mortality.  These 
risks  also  depend  on  knowing  the  true  prevalence  of  the  mu¬ 
tation-specific  classes,  which  is  likely  to  be  population- 
specific. 

In  addition,  the  present  report  of  more  than  32  000  mu¬ 
tation  carriers  could  include  some  of  those  individuals  who 
were  included  in  the  1995  and  1997  articles  that  originally  re¬ 
ported  the  OCCR.3  It  is  not  possible  at  this  time  to  know  if  any 
of  the  32  families  carrying  BRCAl  mutations  or  25  families  car¬ 
rying  BRCA2  originally  reported  also  are  included  in  the  pre¬ 
sent  sample.  However,  it  is  highly  unlikely  that  the  small  sample 
of  individuals  represented  in  the  original  reports  would  out¬ 
weigh  a  potential  null  effect  among  the  more  than  32  000  in¬ 
dividuals  studied  here. 

This  study  is  the  first  step  in  defining  differences  in  risk 
associated  with  location  and  type  of  BRCAl  and  BRCA2  mu¬ 
tations.  Pending  additional  mechanistic  insights  into  the  ob¬ 
served  associations,  knowledge  of  mutation-specific  risks  could 
provide  important  information  for  clinical  risk  assessment 
among  BRCAl/2  mutation  carriers,  but  further  systematic  stud¬ 
ies  will  be  required  to  determine  the  absolute  cancer  risks  as¬ 
sociated  with  different  mutations.  It  is  yet  to  be  determined 
what  level  of  absolute  risk  change  will  influence  decision  mak¬ 
ing  among  carriers  of  BRCAl/2  mutations.  Additional  re¬ 
search  will  be  required  to  better  understand  what  level  of  risk 
difference  will  change  decision  making  and  standards  of  care, 
such  as  preventive  surgery,34  for  carriers  of  BRCAl  and  BRCA2 
mutations. 


Conclusions 

Breast  and  ovarian  cancer  risks  varied  by  type  and  location  of 
BRCAl/2  mutations.  With  appropriate  validation,  these  data 
may  have  implications  for  risk  assessment  and  cancer  preven¬ 
tion  decision  making  among  carriers  of  BRCAl  and  BRCA2  mu¬ 
tations. 
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